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FQRFMORD 

The results of the Parametric and Detailed Heat 

Transfer Analyses are presented i n  this report. 

Thsse studies comprise Task I of Contract NAS 3-11191 

conducted by Rocketdyne, a division of North hnerican 

Rodwell Corporation. 

effor t  w a s  supplied by John W. Gregory of the 

NASA Lewis Research Center, 

Technical direotion of the 

The analysis reported herein were conducted from 
July through December of 1967. 

other tasks of this contract w i l l  be reported 

separately,, 

The resu l t s  f b r  
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Bnalyaes wore cronducted t o  determine the regenerative 
cooling capabilites of l ight  hydrocarbon fuels  when 

used with FIXXK and OF2 oxidieers Over a wide range 
of operating conditions. 
decomposition, pressurs drop, and coolant passage 
dimensions were applied. The presence or absenee 
of a -aide carbon layer was found t o  be significant. 

A l l  of the hydrocarbons were suitable coolants with 

the carbon layer. 
netbane w a s  applicable for regenerative cooling 

under all conditionst the other hydrocarbons were 
generally limited to  low cbamber pressures or  high 
.thrust levela, 

Umits based on propellant 

Without the carbon layer only 
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INTRODUCTION 

Propellant combinations with overlapping liquidus ranges are attractive for 
extendedduration space missions because of the elimination or reduction 
of interpropellant heat transfer, Both propellants may be maintained at 
the same temperature and need to be insulated only from external heat sourceso 
Le., payload and environment,, 
FU)X or OF2 as the oxidizer and a light hydrocarbon as the fuel have the 
additional advantages of high theoretical performance and good availability 
of the fuel. 

Space storable propellant combinations using 

Because of the promising characteristics of these propellant combinations, 
initial theoretical. and experimental studies were conducted (cog., 
Contracts NAS 5-4195, NAS 3-6296, NAS 3-7950) to select the most suitable 
fuels and to determine actual combustion chamber performance and heat 
transfer characteristics, 
hydrocarbons to be the most attractive from a performance standpoint; 
however, the lighter hydrocarbons were found to be hadequate for use as 
nonboiling regenerative coolants under subcritical operating conditions. 
Ifoderate C* efficiencies were demonstrated and, most significantly, the 
experimental heat flux values were found t o  be significantly lower than 
theoretically predicted. 
approximately proportional. to the carbon-to-hydrogen atomic ratio so that 

These theoretical studies indicated the lighter 

The reduction in heat flux was found to be 

the denser hydrocarbons became attractive as regenerative coolantso 
analytical and experimental investigations were conducted over the lOe 

to 25O-psia chamber pressure range at thrust levels of 5000 to 12,500 

These 

pOUndS, 

Application of space storable propellants at higher chamber pressures and 
over broader thrust ranges now appears promising. 
was therefore undertaken to extend the ranges of operating conditions considered 
in the earlier studies for regeneratively cooled thrust chambers, 

The present investigation 

The 

1 



chamber pressure and thrust ranges covered i n  the present study were 
100 to  loo0 psia fo r  chamber pressure and loo0 t o  20,OOO pounds for  thrust. 

Effects of variations of thrust chamber contraction r a t io  from 2 t o  4 and 

eXpansiOn area r a t i o  from 40 t o  100 were evaluated. TW implications 

of reducing propellant mixture patio to  as las as 70 percent 
of the optimum (maximum C*) value and of using various thrust chamber 

construction materials were evaluated. 

results,  methane, ethane, and a blend of 55 percent methane and 45 percent 

ethane w e r e  selected for evaluation because of their  high performance; 

propane and 1-butene were selected because of their  superior heat transfer 

characterist ics with a gas=d.de carbon layer. 

On the basis of the e m l i e r  study 

The purpose of the present effor t  is t o  define regenerative cooling limits 
over the above ranges of operating pa.rameters. 

perfoxmanee injector i s  essential  to  obtaining meaningful thrust chamber 

heat transfer data, a second purpose of the present e f f o r t  was the develop 

mat of an injector delivering a CW efficiency of at leas t  96 percent. 

Recognizing that a high 

The heat transfer analysis was divided into two tasks: 

Analysis; and (2) Detailed Analysis. 

propellant c*binations (two oxidizers, f ive fuels) were evaluated mer 

(1) Parametric 

In the Parametric Analysis, the 10 

the ent i re  range of variables by comparing heat absorption capabili t ies of 

the regenerative coolant with the heat input to the ent i re  thrust chamber. 

Based upon the results of the Parametric Analysis, three propellant 

combinations were selected fo r  Detailed Heat Transfer Analysis. Actual 

thrust  chamber designs were made t o  determine heat transfer limits resulting 

2 



from excessive coolant pressure drops, m h h u m  fabrication dimensions, or 

thermal decomposition of the coolant. 

analyses contained in this  report provide regenerative cooling design 
data for  a wide range of potential thrust chamber operating conditions for 
space storable propellant combinations and specify those conditions under 
wM&h regenerative cooling is practical, 

The results of the heat transfer 
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The present analytical study w a s  undertaken t o  define the operating conditions 

and limits fo r  regenerative cooling as applied to  the light hydrocarbon 
fuels when used with Fu)x or OF2 as oxidizers, The ranges of opera- 

parameters, particularly chamber pressure and thrust level, investigated 

previously were extended in th i s  study. The effor t  was conducted i n  two 

major arease the Parametric Analysis and the Detailed Analysis, 

PAlumTRIC ANALYSIS 

The purpose of the Parametric Analysis was to  determine regemxaiAve aooling 

limits, based upon coolant temperature limits, for  a wide variety of 

operating parameters, 

FLOX and OF2 as  oxidizers with methane, ethane, propane, 1-butene, and a 
blend of methane and ekhane as  fuels, 

Ten propellant combinations were investigated: 

Chamber pressures ranged from 

' 100 to 1000 psia, thrust levels from loo0 to 20,000 pounds, propellant &ture 

ra t ios  from 70 t o  100 percent of the optixam values, and nozzle area ra t ios  
from 40 to 100. 
by varBlng the contraction r a t io  from 2 t o  4 and the gas-side w a l l  temperature 

from 1700 to  3200F, 
carbon layer: 1) 
alternately 2) the assumption was made that the heat input computed anaJyti- 

cally w a s  reduced by the carbon layer by an amount based on exisktng 

experimental data. 

The t o t a l  heat input input to  the chamber w a s  alm varied 

Two assumptions were made concerning the gas-side 

the assumption of no gas-side carbon layer w a s  made, and 

The t o t a l  heat input to  the chamber w a s  first calculated without considering 

carbon layer effects. 
combination or propellant mixture r a t io  w a s  found, 

variables (thrust, chamber pressure, area ratios,  and gae-side w a l l )  
temperature) were then determined. 

small effect  over the range inaestigated. 

L i t t l e  variation in  heat input with propellant 
The effects of other 

The nozzle area ra t io  had a comparatively 
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Experimental data taken a t  100 psia chamber pressure and relatively low 
characteristic veloci’ty efficiency were then correlated with to ta l  heat 

input determined by application of the analytical model to the experimental 

conditions. 

e x p e r i m e n t a l - t o l y t i c a l  values of heat input was nearly linear with 

the hydrogen-to-carbon atomic ra t io  of the fuel. 

ra t io  effects  on the carbon layer effectiveness were found, to  be uncertain. 

Values of heat flux reduction used i n  subsequent analyses were based upon 

the average of experimental data obtained with solid-wall and regenerativelg. 

cooled th rus t  chambers. 

Significant heat input reductions were found and the r a t io  of 

Propellant mixture 

The heat absorption capability of the regenerative coolants was based upon 
the enthalpy change of the coolant between the in l e t  and exi t  of the 

coolant jacket. The i n l e t  enthalpy w a s  evaluated at ten degrees (F) above 

the freezing point of the fuel. 

allowable maximum bulk temperature of the fue l  which i n  turn, depended upon 

the premtire a t  the coolant jacket exit. 

The ex i t  enthalpy depended upon the 

For high chamber pressure operation, the limiting temperature was that 

which resulted i n  decomposition of the fuel. 

conducted t o  detemine the most accurate values of kinetic constants t o  
re la te  decomposition rates  t o  coolant bulk temperature. Decomposition 

temperatures used in the analysis were: methane, 15OOF; ethane and the 

methane-ethane blend, 9OOF,; propane, 8WF; and 1-butene, 800F. 

A l i terature  search was 

For low-chamber-pressure operation the conditions i n  the coolant jacket 

were subcrit ical  and the restr ic t ion that bulk boiling should not occur 

limited the ex i t  temperature to  the saturation value. 

temperature w a s  based upon a pressure which w a s  20 percent higher than 

chamber pressure to  account fo r  a reasonable injector pressure drop, 

The saturation 
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Removal of the saturation temperature l i m i t  at low pressures w a s  also 

investigated, 

of the fuel be accomplished t o  avoid mixed-phase flow i n  the injector, 

and (2) that bulk boiling be confined t o  the low flux ( C 1 Btu/h2-SW) 

region of the nozzle, 

established as  a practical  madman value, 

However, it was then required that (1) complete vaporization 

A nucleate boiling flux of 3 Btq/in2-sec w a s  

A caparison of the heat inputs and the heat absorption capabili t ies was 
then made to determine the conditions under which regenerative cooling 

could be accomplished. Regenerative cooling was found t o  be applicable 

t o  practically all combinations of parameters investigated on the basis 

of propellant decomposition i f  the assumed gas-side carbon layer was 
present. The temperature of the 1-butene a t  the exi t  of the coolant 

j w k e t  was furthest  below thedeeampwiaon temperature. 

temperature of the methe-ethane blend was closest to  the decomposition 

value. 
regenerative coolant under a l l  conditions. 

reduction of propellant mixture r a t i o  and/or nozzle area r a t io  would 

be required to  prevent propellant decomposition a t  low thrust levels 

and high chamber pressures, or the gas-side wall temperature would have 
to  be raised to  32003’. 

The exi t  

Without the carbon layer, methane could still be used a8 a 

For the other fuels, however, 

Combinations of parameters may be selected for  the chamber pressurea 

which resul t  i n  subcritical pressure operation (lo0 and 250 p i a  chamber 

pressures w e r e  investigated) which w i l l  permit use of regenerative cooling 

with all of the fuels  at most thrust levels, 

regenerative coolant with cmplete vaporization under a l l  conditions, 

The saxne conclusions apply t o  the methane-ethane blend except that the 

minirmun thrust level is  approximately 3500 pounds at 250 psia chamber 

&thane can be used as  a 
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pnssure if a carbon layer does not e h t ,  
at tho higher thntst levels and completely vaporized at the low thrust 

levels if a carbon layer exists, Without a carbon layer, ethane can be 

vaporized at a l l  thrust levels but is decomposition-limited t o  thrust 
levels above 3500 pound8 at 250 p i a  chamber pressure. 

used as a liquid at a l l  thrust levela with a carbon layer and may be 

caapletely vaporized without decomposition at a l l  thrust levels above 

5o(x> pounds without a carbon layer. Butene may be used at a l l  thrust 
levels with a carbon layer as a l iquid and may be completely vaporized 

at all thrust levels without a carbon layer at 100-psia chamber pressure. 

Regenerative c o o l i q  without a carbon layer at 250-psia chamber pressure 

is Uaaited t o  the 20,000 pound thrust level f o r  1-butene (Table Sl). 

Ethane can be used as a l iquid 

Propane may be 

The purpose of the Detailed Analysis was to further investigate regenerative 

cooling limits for propellant combinations which were the most a t t ract ive 

on the basis of perfonnaace and the resul ts  of the Parametric Analysis. 

Detailed analysis and designs were accomplished fo r  FLOX/methane a t  

thrust levels of 1O00, 5000 and 20,OOO pounds for  OFdpropane at 5OOO 
and 20,OOO pounds, and for OF2/l-htene at loo0 pounds. Channel-type 

coolant passages i n  nickel, stainless steel (Cm), and Hastelloy x w a l l s  

were assumed. 
temperature of 1700F, the Hastelloy X at 2100F. 

coating operating a t  3x)oF on a nickel w a l l  chanaber w a s  also evaluated. 

The nickel and CRES operated at  a maximum gas-side wall 
The case of a refractory 

Analyses w e r e  again conducted both with and without the assumption of a 

gas-side carbon layer. 

of 100, and optimum propellant mixture r a t io  were generally assumed. 

Single-pass counterflow coolant c i rcu i t s  were found to  be practical  

for most cases. 

A contraction r a t io  of 4, a nozzle area r a t i o  

8 
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Regenerative cooling limits were based upon coolant jacket pressure drop, 

mixximum channel dimensions, and coking of the coolant. 

preasure drop varied l inearly from 100 psi a t  a chamber pressure of 100 psia 

to  500 psi a t  lo00 psia. 

where the channels were square f o r  dimensions greater than 0.040 inches, 

The configuration of smaller channels w a s  a constant width of 0.040 inches 

and a variable depth. 

of manufacturing tolerances and plug- considerations. 

w a l l  temperatures were limited to  1500F for  propane and 1-butene and to 

ZOOOF for  methane to  prevent coking of the coolant. 

The allowable 

Minimum channel dimensions occurred a t  the throat 

A minimum depth of 0.025 was selected on the basis 

Coolant-side 

Regenerative cooling was practical for  the FLOX/methane propellant 

combination with nickel w a l l s  a t  a l l  chamber pressurea and thrust levels 

investigated whether or not a gas-side carbon layer exists. Only a t  the 

most severe condition (lo00 psia chamber pressure and loo0 pounds thrust 

level with no carbon layer) were the pressure dros and minimum chamel 

dimension limits s l ight ly  exceeded. 

effective as  the gas-side carbon layer i n  reducing the heat flux, 
The coating w a s  approximately as 

Pressure drop limits were slightly exceeded fo r  the OF2/propane pro- 

pellant cambination only a t  loo0 psia chamber pressure with no carbon 

layer. The carbon layer was more effective in reducing the heat flux 

than the 3200F coaiAng, The 1500F decomposition temperature limit on 

the coolant-side w a l l  did not permit use of the 2100F capability of the 

Rastelloy X. 
established by nucleate boiling conditions f o r  subcrit ical  pressure operation 

with a carbon layer, 

a t  chamber pressures greater than 750 psia with no carbon layer. 

pellant mixture r a t io  reductions ( to  as low as  74 percent of the optiurum 

value at loo0 psia chamber pressure) would be required to maintain a 

The gas-side w a l l  temperatures of all materials were 

Hinimum channel dhenaions were less  than 0.025 inches 

Pro- 
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mininnrm channel depth of 0,025 inches. 

practical f o r  OFdpropane at all chamber pressures and thrust levela if 
the assumed gas-side carbon layer exists. Regenerative coollng: is possible 
without the carbon layer but operating parameters are sometimes restricted,  

Regenerative cooling is therefore 

The OF 1-butene propellant oombination can be r e m r a t i v e l y  cooled a t  
the 1OOO-pcnmd thrust level fo r  a l l  chamber pressures and materials 
investigated i f  the assumed ga,s-side carbon layer exists. Without the 
carbon layer, pressure drops with a nickel w a l l  were generally aoceptable, 

although s l ight ly  above the 500 psi limit at the highest (lo00 psis) 
chamber pressure analyaed. 

even higher pressure drops a t  the high chamber pressures. 

channel dimemions were satisfactory fo r  subcritical operation without a 
carbon layer but were belm the limit under supercrit ical  operating 

conditions. 

value, 8OOF, for  a l l  chamber pressures without a carbon layer or  refractory 

coating. Application of a coating t o  increase the gas-side w a l l  

temperature t o  3200F or reduction of propellant mixture r a t io  would 
prevent coolant decomposition. 

2/ 

Use of CRIB or  HastelloyX would result in 
The minimum 

The ex i t  temperature of the coolant w m  above the deoompositian 

Nickel 200 was found to be the most suitable material for  thrust @hanber 
walls a t  high flux levels, i ,e, high chamber pressures w i t h  no carbon 

layer. 
CRES was inferior t o  the other two materials because of i t a  low thermal 

conductivity and operating temperature, 
conditions, the differences between the three materials w a s  not sufficient 

to base a selection on the regenerative cooling oharacteristics, 

Hastelloy X was s l ight ly  superior at moderate heat flux conditions. 

However, under low heat flux 

As a general conclusion, it may be stated that regenerative crooling with 

the l igh t  hydrocarbons appears practical over the ranges of chamber 

pressures and thrust levels investigated In this st&#. 
is, generally, greatly fac i l i t a ted  by the presencs of a 

Regenerative cooling 
gas-sbde carbon layer. 
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coNcLusIoNs ANI) mo~ATIoAIs 

The following conclusiona mey be made based upon the results of the Parametric 
and Detailed Analyses4 

1. 

2. 

3. 

4. 

5. 

Regenerative cooling is feasible for all of the ten propellant 
combinations investigated with respect to coolant decomposition 
if the assumed gas-side carbon layer exists. 
lo00 to 20,000 pounds and chamber pressures from 100 to lo00 psia 
are included. 

Thrust leveb from 

If a gas-side carbon layer does not exist, coolant decomposition 
occurs under some conditions for most of the fuels. Conditions 
which tend to cause decomposition are high chamber pressure and 
low t h t .  

14et-e is particularly suitable for regenerative cooling inasmuch 
as it is not decomposition-limited at any thrust level or chamber 
pressure investigated, even without a carbon layer. 

Coolant pressure drops are acceptable for methane, propane, 
and 1-butene for all chamber pressures and thrust levels 
investigated either with or without a gas-side carbon layerif 
nickel is used as the hot-gas w a l l  material. 

Use of Hastelloy-X as a wall material would result in lower 
pressure drops than nickel except at high chamber pressures 
without a carbon layer, Use of CRES would result in higher 
pressure drops than nickel, 
associated with the gas-side carbon layer, all three materials 
result in acceptable pressure drops. 

However, for the l o w  heat fluxes 
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6 .  Coolant channelminfmwr dimemions are acceptable for methane, 
propane, and 1-butene if the carbon layer is present. Without 
the carbon layer the coolant channel dimensions at the throat 
are smaller than acceptable at higher chamber pressures for 
propane at 5000 pounds thrust and 1-butene at 1OOO pounds thrusto 

7. Although conservative estimates were used in the present analysis, 
experimental verification of coolant side heat transfer coefficients 
by means of heated tube experiments in the following areas is 
desirable t 

a. 
b, 

Methane at low bulk temperatures and high pressures 
Propane and 1-butene at high coolant velocit$es in 
the subcritical region 

8. Further developent and experimental verification of the 
regenerative cooling capabilities of F w m e  thane or OF+thane 
is desirable because of the high specific impulse and analytically 
demonstrated cooling capability of these propellant combinations. 
Ekperiments should be conducted in the 500 to 1OOO psia chamber 
pressure range with a high performance injector. 



PARBMFmzzC IBAT TRANSFER ANALYSIS 

The purpose of this analytical effort w a s  to specify regenerative cooling 
limits for a wide variety of operating conditions on the basis of the 
heat absorption capabilities of the regenerative coolant. 
parameter ranges are shown in Table 1. 
tions found to have attractive features on the basis of the results of 
previous studies. 
the range of thrust levels, nozzle area ratios, and chamber pressures 
shown in Table 1. The contraction area ratios, propellant mixture ratios, 
and gas-side w a l l  temperatures represent possible design compromises which 
may be employed f,o improve regenerative cooling capabilities. 

The operating 
The propellants represent combina- 

Mission analysis and application studies have indicated 

TABLE 1 
RANGES OF OPWTING PARAMETERS 

Me thane ( CH4) 

Blend of 45 
EthaJM9(c2H6) 

rcent Ethane and 55 percent Methane 
Propane( C& r 
Butene-1 ( c4H& 

FLOX (optimum mixture) 

OF2 
Chamber Fressure, psiat loo, 
Vacuum Thrust, pounds: lO00, 
C* Efficiency: 96 percent of 
Mixture Ratio (o/f): 70, 80, 
Contraction Ratior 2:1, 3:1, 
Chamber Characteristic Length 

250, 500, 750, 
2500, 5000, lO,OOO, 20,000 
theoretical shifting equilibrium 
90 and 100 percent of optimum 
4:l 
(L*). inches: 30 

Noezle Area Ratio (Regeneritively- Cooled Portion) t 

Temperature of w a l l  on gas side, Fr 

4011, 60:1, 1OO:l 

1700, 2100, 3200. 
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The basic approach t o  the parametric w e  of the analysis consisted of 

the calculation and comparison of the heat rejected t o  the  thrust chamber 

w a l l s  (heat input) with the heat absorption capability of the coolant under 

the various operating conditions. 

in i t ia l ly  designed and analyzed t o  determine heat inputs with no gas-side 

carbon layer. Experimentally determined carbon effects were superimposed 

upon the analytical heat inputs. The heat absorptioncapabili t ies of the 
regenerative coolant were detemined on the basis of boiling limits f o r  

subcrit ical  operation and coolant decomposition f o r  the supercrit ical  

operation. 

Nozzles and combustion chambers were 

HEAT INPUT 

Determination of thrust chamber inputs was first made on the Sasis of 

theoretical  calculations including gas-side boundary layer effects but w i t h -  

out inclusion of the carbon layer effects. Combustion chamber and nozzle 

‘designs were accomplished t o  provide a basis f o r  the heat transfer 
calculations . 
T h r u s t  Chamber Design and Anal.sd.s 

On the basis of previous experience, a noazle convergence, angle of 15 degrees 

and a r a t i o  of throat radius of curvature t o  throat radius of 0.7 were 

selected. 

the combustior, chamber surface (large angle) and providing fo r  suitable 

boundary layer growth to  reduce the peak heat flux at the throat (small 

The angle selected represents a compromise between minimizing 

angle) 8 
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The analysis was eonducted by first developing a transonic? input line Traa 
point T to point A ( ~ g .  1). TMS transonic line forms an input to the 
design program0 
the downstream radius, I$, to the Point T'. 
by applying the method of characteristics to the right-- characteristia 
line from TU, 
U s i n g  the righbmming characteristic line emanating from T' and designated 
as 1he em, a value of M*D was selected, Frmi this value, an optimum 
impulse control surface was formed using the optimization criteria of 
Ref, 1 and 2, 
in turn, defines the nozzle length, L, and area ratio,€ . 
w a s  developed by forming left-running characteristics from optimum 
control surface, terminating each line by satisfying the continuity equatlon, 
A rapid computerized, iterative procedure was used to select the values 
of f and M*D which would result in an 80-percent-length nozzle of the 
required area ratio. 

Prand3&Meyer flow was assumed around the wall defined by 
The flow field w a s  oalculated 

The point T' was obtained by specifying the wall angle ern. 

The control surface determines the exit point, E, which, 
The contour 

Past Rocketdyne studies have indicated that optimum nozzle contours me 

relatively insensitive to chemical kinetics of the combustion products, 
chamber pressure, and mixture ratio for the cases presently under consider 
ation. Since the propellant aombinations presently being investigated have 
similar exhaust gas properties, the nozzle design is not expected to vary 

significantly with propellant combination, and therefore the nozzle desiw 
were performed for the FM)IC/rnethane propellant combination, 
characteristics analysis was then used to determine the temperature, density, 
and Mach number profiles dong the nozzle wall. 

A method-sf- 

The nozzle contours designed for FLOdrnethane at a chamber pressure of 
loo0 psia are shown in Fig, 2, 
used to analyze the effects of propellant combination and mixture ratio 
on the combustion product properties and flow characteristics along the w a l l o  

The contour for an area ratio of 100 *as 
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The propellant combination FMX/butent-l waa selected as the combination 

most different from the reference propellants. The effect of propellant 

mixture r a t i o  w a s  investigated by analyzing the FLOX/methane propellants 

at a mixture r a t i o  of 4.0 (70 percent of optimum). 

The resu l t s  of these analyses, as shown in  Table 2 fo r  the combustion chamber, 

throat, and nozzle ex i t  regions imply s m a l l  effecta because of mixture rat io  
variations and negligible ( for  heat transfer calculation purposes) effects 
result ing from propellant combination differences. The manner i n  which 

the local-to-throat static temperature rakio and Mach number vary along 
the nozzle are shown i n  Fig. 3 and 4 respectively. 

f o r  all cases is again evident, 

were used i n  the heat transfer analysis t o  obtain a comparison of the three 

cases on the basis of the t o t a l  heat rejected t o  the thrust  chamber w a l l s .  

Similarity of resul ts  

The data generated by these analyses 

Heat Transfer Analysis 

Gas-side heat transfer coefficient profiles along the thrust chamber w a l l s  

were computed f o r  the two propellant combinations, FLOX/methane and FLOX/ 
butene-1, and fo r  two propellant mixture ratios,  5.7 and 4.0, f o r  FLOX/methane, 

The chamber pressure and nozzle =ea r a t i o  were 500 psia and 100 respectively. 

The t o t a l  integrated heat rejection rates were then calculated. The approach 

employed t o  obtain the heat transfer coefficient profiles w a s  t o  solve the 

von Karman boundary layer integral momentum equation and the integral  

energy equation t o  describe the w a l l  skin f r ic t ion  and Stanton number 

behavior along the chamber length as described i n  Appendix A. 

has been found t o  yield results which are  in bet ter  agreement with experi- 

mental data than the more simplified closed-form Bartz solution (Ref. 3) 
frequently used f o r  conservative, rapid estimates. 

T h i s  approach 
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3 

VARIllTION QF KEBT TRANSFER CHARACTERISTICS 
WITH PROpELLAErm COMBINA!J!ION AND MIXTURE RATIO 

Total Heat 
h ’ O p s l h l t 8  Hixture &ti0  (o/f) Btu/h2-sec Input Btu/sec 

9.4 
903 
90 3 

1570 
1540 
1575 

The rssults of the analysis for  the three cases are shown in Table 3 and 

indicate that the to t a l  heat flux values are similar for  the propellant 

combinations being considered in this analysis when carbon layer effects 

are not included. 

heat flux and on the local throat heat flux is also seen t o  be very small, 

The heat transfer analyses for  theremahingvariables were then conducted 

d for  the no-carbon layer case and the experimptal values of heat transfer 

The effect  of propellant mixture r a t io  on the integrated 

reduction caused by carbon layer effects were superimposed upon the resul ts  

of these analysis,, 

The t o t a l  heat inputa calculated fo r  the various combinations of thrust, 

chamber pressure, expamion and contraction area ratios,  and gas-side 

w a l l  temperature are presented in Fig. 5 through 8 in the form of influence 

coefficients. 

on the heat input and, as suoh, they are useful in showing the significance 

of variations of a particular parameter with respect t o  the heat input, 

Furthermore, they provide a convenient means of approximating the t o t a l  

heat input for any given se t  of conditions. 

terms of the reference value, sef, and influence coefficient, 7, is: 

These coefficients i l lus t ra te  the effect  of a single variable 

The to t a l  heat input, Q, in 
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The subscript CZ 

and the subscript N 
refers to the thrust chamber region upstream of the throat 

refers to the region downstream. The value of 
Q was 649 Btu/sec and was 846 Btu/sec. The reference values 

mfN 
of total heat input were calculated for the conditions shown below: 

OPEBATING CONDITIONS FOR Qmf 

Prop llant El 

Mixture Ratio 
Thrust, pounds 
Chamber pressure, psia 
Nozzle Area Ratio 
Contraction Area Ratio 
Gas-side Wall Temperature, F 
Carbon Layer 

The effect of thrust on the total heat input was found to differ for the 
combustion zone and the nozzle. Accordingly, influence coefficients are 
presented in Fig, 5 for each section of the chamber. 
coefficient for the combustion zone depends upon the contraction ratio 
because the value 
portion of the chamber (all analyses were conducted for a constant L* value 

of 9 inches). 

zone heat input is less than proportional to thrust (Qc OC Foo60). Since 
coolant flowrate is almost proportional to thrust, the total heat 
absorption capability-to-heat input ratio may be expected to improve with 
increasing thrust level. 

The thrust influence 

0 )  
affects the heat transfer rate to the cylindrical 

These coefficient indicate that the heat kaput to the 
nozzle is approximately proportional ($ CC F 0.95) while the combustion 

29 



The chamber pressure influence coefficients shown in Fig, 6 were also 

separated into combustion zone and nozzle coefficients. 

have a positive slope i n  the combustion sone region and a negative slope 
i n  the nozzle although the heat transfer rates are approximately proportional 

t o  P:** i n  both regions, T h i s  occurs because the noezle surface area varies 

approximately inversely w i t h  chamber pressure, while the variation of 

combustion zone surface areas with chamber pressure depends upon the 

contraction r a t i o  because of the fixed L* constraint. 

The coefficients 

The influence coefficients for  the nozzle contraction and expansion area 

ra t ios  are shown i n  Fig. 7, 
found t o  be sensitive t o  the thrust level and chamber presssure. For 

values of F and P at the extrsmas of the matrix under investigation, 

the error  i n  the contraction area r a t i o  coefficient could be as much as 

15 percent. 

heat flux values were used. 

The contraction area r a t i o  coefficient was 

C 

In the parametr3c and detailed analyses, actual computed 

The effect of nozzle expansion area r a t i o  on the combustion zone heat 

input i s  small over the range of area ra t ios  investigated. 

effect can be appreciated by comparing the contours shown i n  Figo 2, 

Besause the lower area r a t io  optimum contours approach the axial  direction 

more rapidly, more of t he i r  surface (for a given length) is exposed t o  

high heat flux conditions. The gas-side tube w a l l  temperature affects  

the heat inputs to  the nozzle and combustion zone similarly so that the 

to t a l  heat input effect  m a y  be presented as Shawn in Figp 8. 

T h i s  geometric 



Carbon Dewsition on the Hot Gas Wall 

Combustion of hydrocarbons in the thrust chamber results In deposition of' 
a layer of carbon upon the walls of the combustion chamber and nozzle. 
This carbon eould provide a significant contribution to the total resistance 
to heat transfer and must, therefore, be considered in calculation of 
heat inputs for the various operating conditions. 
layer formation depends upon complex chemical and mecihanicral equilibrium 
in the boundary layer. S h o e  analytical determination of the carbon 
layer resistance is not possible at this time, experimental data must be 
used. 
layer resistance as functions of the variables being investigated in the 
present study; i.e*, chamber pressure, thrust level, contraction and 
expansion area ratios, propellant combination, propellant mixture ratio, 
gas-side wall temperature, and combustion efficiency. 
data applicable to the light hydrocarbon fuels are those of Ref. 4 and 

5. 
lwpsia chamber preasure and with FLOX/methane at 250 psia. These data, 
although not encompassing the complete range of operating conditions, 
were used and extrapblated to provide the best available estimates of 

The extent of oarbon 

Ideally, the data should indicate the axial profiles of the earbon 

Experimental 

The tests were conducted with FLOX and several hydrocarbons at 

carbon layer resistance. 

Andmis Method and Results,, The axial profiles of the measured heat 
transfer coefficients were presented in Ref. 4 and 5o 
with the gas-side film coefficient profiles calculated by the closed-fora 
Bartz equation (Ref. 3). 
and results in conservative values for design purposes, the use of the 
integral energy equation as described in Appendix A yclelds values in 
closer agreement with experimental results as indicated in Ref. 6 and 
was the method of analysis used throughout this study. 
these equations were applied to the experimental conditions of Ref,, 4 

These were 6ompased 

Although this equation is simple to apply 

Accordingly, 
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and 5, and the resulting theoretical gas-side heat transfer coefficient8 

correlated with the experimental values. Them correlations resulted in 

carbon-layer resistance profiles and overall heat transfer ra te  reduction 

factors. 

The computerized integral  energy equations were f irst  applied to  test 
data taken a t  a chamber pressure of 100 psia i n  uncooled thrust chambers. 

Actual thrust chamber geometrical parameters were used i n  the analysis. 

Details of the analysis are given Fn Appendices A and Be 

The axial  profiles of the gas-side heat transfer coefficients are shown 

i n  Fig. 9 through 12. 
higher values of the film coefficient than the integral  energy equation 

The Bar t z  equation, as i s  typical, resul ts  in 

i n  the throat region. 

than ei ther  of the two theoretical curves. The maximum values of the 

measured heat transfer coefficient occur approximately half an inch 

The experimental resul ts  are significantly lower 

' downstream of the throat f o r  propane, pentane-blend, and butene-1 tests. 
Normally, the maximum heat transfer coefficient occurs s l ight ly  upstream 

of the throat. 

The variation in fUm coefficient profiles with injector configuration 

is  i l lustrated by comparison of Fig. 1'3 and 14. The data presented i n  

these two figures demonstrate the dependence of thrust chamber heat 

transfer ra tes  on injector design parameters. 

coefficients in the combustion chamber differ  by as  much as  a factor of 
3 and the peak values near the throat vary by approximately 35 percento 

'Various injectors were used throughout the t e s t s  evalualzed. 

patterns resulted i n  flzel-rich mixture ra t io  near the w a l l  which provided 

a protective film-coolant layer and reduced the heat flux and the effective 

film coefficient. 

Experimental heat-transfer 

Some injector 

Some configurations resulted in injection of oxidizer 

near the thrust 

the normal case 

chamber w a l l  surface resulting i n  heat-flux va;lues above 

(uniform mixture r a t io  throughout). 
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Recent data generated under Contract NAS 7-304 for  FLOX/l-butene have 

demonetrated that Ugh performance (98 percent Tc,) could be achieved 

with this propellant combination but that heat fluxes comparable to  

the theoretical (no-carbon layer) values could accompany the high 

perfonnance. 
(96 t o  98 percent) injector which w i l l  maintain, as  f a r  as  possible, the 
beneficial carbon layer deposit. 

The goal of the present program is a high-combustion-efficiency 

The amount of heat loss to the thrust chamber per pound of propellants 

w mixture r a t io  is  shown i n  Fig. 15. 
per p o d  of propellants vs mixture r a t io  was noticed, 

heat inputs were also not appreciably affected by mixture r a t io  variations, 

i t  w a s  concluded that the carbon layer resistance is  insensitive to  

mixture r a t io  variations. 

No significant trend i n  heat loss 

Since the theoretical 

The data taken a t  250 psia chamber pressure i n  Ref ,  5 were also compared 

with theoretical heat-transfer coefficients. 

theoretical t o t a l  heat input for  an uncooled thrust chamber wing 

Fulx-methane at approximately 250 psia chamber pressure was 0.38. 

valua is lower than that a t  100 ps ia  (0.67) and appears t o  be in contrast 

to  the results of previous studies with RP-1 (Ref, 7)* 
and because no data fo r  other fuels such as mopane or  butene-lwas 

available a t  250 p i a  chamber pressure a t  this time t o  verify the increase 

in carbon build-up with pressure, the calculated heat inputs at higher 

pressures were based upon data taken at 10 psia chamber pressure. 

The r a t i o  of measured-tc- 

This 

For this reason, 

The r a t i o  of the experimental to ta l  heat inputs to  the analytically 

determined values is presented i n  Fig. 16 as a function of the hydrogen= 

to-carbon atomic r a t io  of the various fuels. 

Ref. 4 based upon use of the Barte equation is  included. 

The similar plat  of 

Although the 

39 



ROCKETDYNE 

n w < - 

C 

0 

~ 

0 

I 

i; 
0 0 0 0 0 0 0 r= Lo * m cu 4 



ROCKETDYNE * 

N, 
0 



presently determined r a t io  is  higher because of the lower heat transfer 

coefficients predicted by the integral energy equation, both result8 

indicate the very significant effects of the oarbon layer. 

The effect  of the carbon layer fo r  data based upon experimental resul ts  

with a regeneratively cooled chamber is also sham i n  Fig. 16. Factors 

contributing to  the higher heat fluxes measured with the regeneratively 

cooled chamber are% (1) the circumferentially integrating nature of 

theregenerative data m a y  have included hot spots undetected in the 

uncooled chamber, (2) the regeneratively cooled chamber had s l ight ly  

more surface area because of the corrugated tube surface and the s l ight ly  

longer (1.3 inches) combustion zone. 

both se t s  of data (uncooled and regenerative) was used t o  evaluate 

regenerative limits i n  the subsequent Parametric and Detailed Heat Transfer 

Analysics. 

Fig. 16, 

A linear relationship considering 

The values used f o r  the various fuels are a lso shown in 

An analysis w m  conducted t o  determine the actual thermal resistance of 

the carbon layer. 

indicated definite trends but considerable scatter. Therefore, the overall 

heat-transfer coefficient values were used t o  determine heat inputs i n  
the subsequent analyses. 

of the carbon layer, analyses were also conducted without considering carbon 

layer resistance for  comparison purposes, 

The resul ts  of this analysis, presented in Appendix B 

Because of the uncertainty of the effectiveness 

W T  ABSORPTION CAPABILITFS 

Having determined the heat input8 to  the w a l l s  of the thrust chamber, the 

next s tep i n  the parametric analysis was the calculation of the h e a t  

absorption capacity of the? various fuels. The heat-absorption capacity 
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is expressed as 

where Hin is the enthalm of the fuel  entering the coolant jacket and 

evaluated a t  10 degrees (F) above its freezing point, Hout is  the 
enthalpy a t  the maximum allowable fuel temperature, Tf, and Wf is  the 

fue l  flowrate. 

if = ;/(1 + o/f) = F/I (1 -+ o/f) 
8 

Qf is, theref ore, dependent upon F, o/f, Is, Tf, and the enthalpy rise of 
the fuel between Tin and Tf. 

Values of chemical equilibrium specific impulse were generated f o r  
several propellant combinations over the ranges of chamber pressure, thrust 

level, expansion area rat io ,  and propellant mixture ra t io  of interest .  

These data are presented i n  Fig, 17 through 21, 

shown in terms of the percent of the value at loo0 psia chamber pressure, 

expansion area ra t io  of 100, and optimum propellant mixture ratio. 

effects  of variations of these three operating parameters on specifio 

impulse are similar fo r  the propellant combinations which represent the 

The specific impulse is  

The 

extreme variations in the fuels  and oxidizers under investigation. 

For the Heat Transfer Analysis, therefore, specific impulse values were 

calculated by detailed thermodynamic methods f o r  each of the propellant 

combinations for  one s e t  of operating parameters. 

impulse fo r  other operating parameter values were obtained using Fig. 17 
through 21, The opthum fluorine concentration was used in the FLOX fo r  

each of the fuelst  L e , ,  82.6 percent fluorine for  methane, 80.8 percent 

for  the methane-ethane blend, 78.1 percent for  the ethane, 76 percent f o r  

the propane, and 70.4 percent for  the 1-butene. 

Values of specific 
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The maximum fuel  bulk temperature, T 

mining the heat absorbing capability of the fuel, 

coolant pressure cases, the temperature is  limited by decomposition of 
the fuel, 

erature to  prevent boiling w a s  also investigated, 

value of Tb w a s  assumed t o  be 10 deg-rees (F) above the freezing point 

i s  a significant factor i n  d e t e r  f' 
For su,wrcritical 

For subcri t ical  cases, the effect of limiting the coolant t e m p  
In all cases, the 

of the particular fuel. 

Subcritical Pressure Operation 

For subcrit ical  cases (P = 3.00 
C 

and 250 psia), T was limited t o  the f 
saturation temperature of the fue l  a t  a pressure 20 percent greater than 

shamber pressure t o  allow f o r  injector pressure loss, Le. ,  Psat = 120 
f o r  the l igh t  hydrocarbon Tsat and Tc r i t i ca l  and 3 0  psia. Values of Tf = 

gases a x  shown i n  Table 4. 
corresponding enthalpy changes from 10 degrees (F) above the freezing 

point of each fue l  are a l s o  shown. 

also calculated. 

written a s  

The allowable temperature rises and 

The heat absorption capacities were 
The heat absorption capacity of each fuel may be 

The values of optimum propellant mixture ra t io ,  nominal specific impulse, 

and result ing Q/F f o r  each propellant combination are given i n  Table 5. 
This tabulation presents a good comparison of the heat absorption 

capabili tes of the various propellant combinations because, as previously 

shown, the effects of Pc, F, E, and o/f on perfomance are similar f o r  

the various propellant combinations, 

t o  the w a l l s  was found t o  be essentially independent from propellant 

combination when gas-side carbon layer effects were not considered, the 
relat ive standing of the propellant combinations in Table 5 i s  indicative 

of the relat ive operating-parameter limits f o r  each propellant combination 

Furthermore, since the heat input 
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under these conditions. 

with molecular weight of the fuels  shown in Table 4 result i n  the increasing 
heat absorption capabili t ies shown in Table 5. 
impulse and optimum propellant mixture r a t i o  also enhance the heat-absorption 

capabili tes of the propellant combinations using 42m hydrocarbon fuels  

which have higher carbon-to-hydrogen atomic ratios* 
capability of the 1-butene is  thus approximately fou r  times that of 

methane when used with OF2 or  FLOX and subject t o  the  nonboiling constraint 

at subcri t ical  pres sues  

The increasing values of saturation temperature 

The trends i n  specific 

The heat absorption 

Sumrcritical. Omration 

The c r i t i c a l  pressures f o r  the fuels studied range from 583 psia fo r  

1-butene t o  710 p i a  f o r  ethane. 

an injector pressure drop equal t o  20 percent of chamber pressure, the 

coolant jacket outlet  pressure (600 psia) is below the critical pressures 

of metwe (673 psia) and etMe,  and just below the c r i t i c a l  pressure 

of propane (617 psia). The coolant jacket pressure and temperature 

profiles are such that the coolant would generally be heated t o  the 

c r i t i c a l  temperature before the pressure decays t o  the critical value. 

Thus, chamber pressures of 500 psia through loo0 psia were considered 

fo r  evaluating regenerative cooling limits under supercritical fuel 

bulk temperature restrictions,  

result from ei ther  material strength reduction o r  coolant decomposition, 

Decomposition of the fuels  w a s  found to impose the lowest bulk temperature 

limits on the coolant. 

For a chamber pressure of 500 psia and 

These coolant temperature limits could 

Decomposition Rates, A l i t e ra ture  search w a s  undertaken to  obtain 

existing data which would permit estimation of the temperatures at which 

the hydroczrbons methane, ethane, propane, and 1-butene would begin 

t o  decompose, 
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For uncatalyzed thermal decomposition, lower hydrocarbons (C1 - c4) require 
temperatures of the order of 800 t o  1500 F, 
the smaller frajqents, down t o  elemental carbon, but also some larger 

species. First-order k b e t i c s  are generally found t o  be obeyed. The 

decomposition ra tes  are described by 

The products are not only 

= exp (kt) a - - x  

where a i s  the original concentration of the component; x i s  the fraction 

decomposed i n  time, t; and k i s  the reaction ra te  constant. This constant 

depends upon temperature, T, and is  conventionally expressed as 

k c A exp (E/RT) 

where R is the universal gas constant and A and E are characterist ic 

constants f o r  the particular reaction. 

determined experimentally by several investigators, 

shown i n  Table 6. 
they are compensating so that the values of k i n  the usual working 

temperature range generally are more consistent. 

Values of A and E have been 

Typical resul ts  are 

Although thevariations i n  A and E are sometimes large, 

Decomposition Temperatures. 

temperatures, However, for practical  reasons, i t  i s  important t o  know 

the temperature a t  which the decomposition starts, L e b ,  becomes measure- 

able, o r  begins t o  exert some noticeable effects. 

temperature" has t o  be defined somewhat arbi t rar i ly ,  

per hour appears in the l i t e ra ture  (Ref. 8) as the limiting rate. 

decomposition temperatures calculated on this basis as well as on the 

basis of 1 percent per minute and 1 percent per second from the kinetic 

parameters l i s t ed  i n  Table 6, are given in Table 7. 

m o l y s i s  takes plme over a range of 

Such a "decomposition 

P, value of 1 percent 

The 
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TABLE 7 

DECOIPOSITION T E K P E X A ~ S  

Kydrocarbon 
~ __ 

Me thane 

Ethane 

Propane 1) Kershenbam & I h r t i n  (1967) 

2) Laidler e t  a1 (1962) 

3) Laidler e t  a1 (1962) 

1) Bryce & Kebarle (1958) 

2) Sehm & Szwarc (1950) 

3) Karr e t  a1 (1965) 

1-Butene 

Calculated tenperature, F,for 
- percent decomposition in  

1 hour 1 minute 1 second 

1310 1510 1760 

937 1069 1230 

750 892 1072 

640 752 887 

861 991 1148 

925 1069 1248 

e44 982 1153 

813 950 1120 
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The following decomposition temperatures were given (without spec i f ica t ion  

of the react ion rate) i n  Ref. 9: methane, 1900 F; ethane, 900 F; propane, 

850 F, 
analysis  are a s  follows: 

Values of decomposition temperature used i n  the heat t r ans fe r  

Me thane 1500 F 

Methane-Ethane Blend 900F 
Ethane g a , F  
Propane 850 F 

1-Butene 8 0 0 F  

These values were arr ived a t  pr ior  t o  completion of t he  literature 

survey and are i n  fair agreement with the f i n a l  r e s u l t s  shown in 
Table 7. The e f f e c t  of var ia t ions  i n  the decomposition temperature 

on operating limits is  discussed i n  the following sect ion,  

The heat absorption capabi l i tes  of the coolant when used with FLOX and 

OF a re  shown in Table 8, The values represent the heat absorbed when 

the  temperature of the coolant is ra i sed  from its i n l e t  value of 10 degrees(F) 

above the freezing point t o  the temperatures l i s t e d  above. 

conditions, i t  can be seen t h a t  a completely d i f f e ren t  trend occurs from 

that found i n  the  subc r i t i ca l  pressure analysis,  

s ign i f i can t ly  higher heat sbsorption capabi l i ty  than the other coolants 

under supe rc r i t i ca l  operating conditions, 

2 

Under these 

The methane has a 
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TABLE 8 

SUPERCRITICAL HEAT ABSORPIION CAPABILITES 

Propellant Combination 

FmX/Me thane 

FLOX/& the-Ethanp! 

FLOX/Ethane 

FLOX/Propane 

FLOX/l-But ene 

OFdMethane 

OFJMe thane-Ethane 

OFJE thane 

OF,$?ropane 

OF,/l-Butene 

Mixture Ratio 

5 070 

5.33 

4.82 

4.50 

3.85 

5 . 3  

5.00 

4.60 

4.60 

7-85 

Heat Absorption Capability 
Q/F. Bdlb-sere 

0.65 

0.42 

0.41 

0039 

0.40 



OPERBTING LIMITS 

The operating limits imposed by the res t r ic t ion  of the fuel bulk tempera- 

ture may be discussed i n  terms of the maximum allowable propellant mixture 

r a t i o  fo r  fixed values of other parameters. 
of Pc 

when other parameters are fixed. 

discussion. 

Graphical presentations 

vs thrust are also frequently used t o  show the operating enve2ope 
max 

Both methods are used i n  the following 

Suwrcr i t ioa l  ODeration 

The values of the parameters shown i n  Table 9 were fixed for  the nominal 

case and regenerative cooling capabili t ies were determined f o r  each propellant 

combination. 

the effect of the specific pwameter on the operating limits. 

of simultaneous variation of more than one parameter are a lso shown, 

The parameters were then allowed to  vary individually t o  show 

The effects  

A thrust level of loo0 pounds and a c h b e r  pressure of lo00 psia 

(extreme values considered i n  this study) impose the most severe limits 

on i*egenerative cooling. 

fo r  each of the 10 propellant combinations f o r  the decomposition-limited 

conditions. Under these conditions, the decomposition temperatures 

were not exceeded fo r  any of the propellant combinations even at a 

chamber pressure of loo0 psia. Therefore, operation i n  the region of 

Pc 5 loo0 psia and F 2 loo0 pounds is  not limited by fuel decomposition 

for  the nominal values of the parameters of Table 9 as w e l l  as f o r  the 

values which resu l t  i n  less severe heat inputs, i.e., E,23 ,  E 160, 
T 

Values of ex i t  bulk temperature were calculated 

2 1700 F, and o/f less than the optimum values. 
Wer 
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TABm 9 

NOMINAL DESIGN PARAMETERS 

Propellant Nixture R a t  i o  

Combustion efficiency, percent 

Contraction k e a  Ratio 

Expansion Area Ratio 

Gas Side Wall Temperature, F 

Carbon Layer Resistance 

Optimum 

96 
i 
60 

1700 
Fig. 16 

Bulk Temperature Limit fo r  Supercritical Operation 

Yalue . from Page 56 
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As noted in a previous section various values of decomposition t e m p e r a h  

may be found i n  the l i t e ra ture  f o r  the different fuelse 

fue l  jacket exi t  teniperatures were determined which would resul t  from 

a chamber pressure of loo0 psia and a thrust level of lo00 pounds. The 

results,  shown in Table 10, indicate that temperature limits much lower 

than the values used would have t o  be effected in order to  reduce Pe 
t o  loo0 psia. 

Therefore, the 

max 

Although a l l  propellants could be used a t  the lowest thrust and highest 

chamber pressure values under consideration, the propellant combinations 

may be rated by considering their  safety factors (heat absorption 

capability/heat input) under these conditions. 

in Table 11 and show that a l l  combinations (except possibly %he methane- 

ethane blend) have comfortable safety factors and that the safety factor 

f o r  1-butene i s  much greater than those f o r  the other fuels. 

The results axe presented 

The effects of parameter variations which tend t o  cause thermal decomposi- 

tions of the fue l  were then investigated a t  the 1000-pound-thrust level, 
Increasing the nozzle area ra t io  t o  100 did not resu l t  i n  any P, 

l e s s  than loo0 psia, 

resul t  in values of P 

using ethane and ethane-methane blend fuels as shown i n  Table 12, 

However, the value of Pc 

at a thrust level of 2000 pounds or greater, 

values 
max 

Reducing the contraction r a t io  from 3 t o  2 did 

less  than loo0 psia for  propellant combinations 
C max 

f o r  all propellants was again above loo0 psia 
max 

The importance of the carbon layer is evident from the resul ts  shown in 
Table 12 for  the case where the carbon layer resistance was not included. 

Although the maximum chamber pressure f o r  methane with ei ther  FLOX or OF2 
is still above loo0 psia, values of P fo r  the other propellants, w b i o h  

'max 
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Dischnrge Temperature, F 

1005 

79 5 

635 

&30 

300 

93 5 

7 50 

61 0 

WC 5 

31 0 

Chamber Pressure = 1000 psfa 
Thrus t  = 1000 pounds 
Other parameters given in Table 9 
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FLClX/CH4 

TABLE 11 

'HEAT ABSORPTION CAPABILITY/HEAT INPUT RATIO 

1.43 

1e11 

1 e 3 2  

1.63 

2e21 

1.52 

Chamber Fkessure = 1000 psia 
Thrust = 1000 pounds 
Other parameters given in Table 9 
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TABLE 12 

MAXIMUM CHAMBER PRESSURE (PSIA) FOR loo0 POUKD THRUST 

Propellants e--40 

* 
497 

916 
* 
* 
* 

572 

980 
* 
* 

E, = 2 
E-60 

* 
453 
844 
* 
* 
* 

520 

906 
* 
* 

* Pc- 2 loo0 psia 

E =loo 

* 
398 
758 
* 
* 
* 

420 

816 
* 
* 

No Carbon 
Resistance 

* 
137 
130 
116 

141 
* 
174 
148 
100 

125 

Nominal Conditions Except as Noted 
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have (and require)  more e f fec t ive  carbon layers ,  are s ign i f i can t ly  reduced. 

The carbon layer permits an order of magnitude increase in  chamber pressure 

f o r  these propellants,  

layer on maximum chamber pressure is  readily apparent upon consideration 

of the inflwnce coef f ic ien ts  shown i n  Fig, 6. 

combustion zone and nozzle influence coef f ic ien ts  ind ica tes  that chamber 

pressure has a small effect on t o t a l  heat input. 

changes in heat input are r e f l ec t ed  i n  large changes i n  chamber pressure 

limits. 
limits determined f o r  methane i n  t h a t  i t  magnifiee the differences i n  

heat absorption c a p a b i l i t i e s  of the f u e l s  (Table 8). 

The reason f o r  the s t rong effect of the  carbon 

The combination of 

Conversely,slight 

T h i s  effect also accounts f o r  the much higher chamber pressure 

The results of the no-carbon layer analysis  a r e  shown i n  more d e t a i l  in , 

Fig, 22 through 26. 

Fig, 22 f o r  the most severe condition, a contraction r a t i o  of 2 and 

expansion r a t i o  of 100. 

'pressure operation is not  possible a t  thrust l eve l s  lower than 7000 
pounds for most propellant combinations, 

using methane cannot be operated a t  thrust l eve l s  under 2200 pounds a t  
a lo00 ps i a  chamber pressure. Propellant canbinations using propane 

are most severely l imited (F- = 9700 pounds f o r  OF./propane) under 

these conditions. 

nozzle area r a t i o  from 100 t o  40 as shown i n  Fig. 23. 

f o r  methane, the operating conditions are still r e s t r i c t ed .  

Maximum chamber pressures vs thrust a re  shown i n  

Under these cond<tions, loo0 psia  chamber 

Even the propellant combinations 

The l i m i t s  can be s l i g h t l y  relaxed by reducing the 

However, except 

Much more s igni f icant  extension of the operating envelope can be achieved 

by increasing the  contract ion r a t i o  from 2 t o  4. 

the  operating limits f o r  methans-cooled chambers are w e l l  above 1000 ps ia  

even a t  the  1000 pound thrust  level, 

system can be accomplished at lo00 ps ia  f o r  thrust l eve l s  as low as 

A s  shown i n  Fig. 24, 

Regenerative cooling of the  OFdpropane 
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Figure 24 . Regenerative Cooling Limits Based on Propellant 
Decomposition, cC= 4, = 100 
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3000 pounds, However, supercritical operation is not possible at the 

1OOO-pound thrust  level  f o r  any of the propellants except FLOX/methane 

and oh;/methane. 
(at € 

can be regeneratively cooled with propane (OF2 oxidizer) at a chamber 

pressure of lo00 psia, 

the contraction r a t io  t o  4 could a lso  have been obtained by increasing 

the gas-side w a l l  temperature from 1700 t o  approximately 2200 F. 
mixture r a t i o  could also have been reduced t o  enlarge the operating envelope, 

The percent reduction would be different fo r  each propellant combination 

because of the various optimum mixture ratios. 

roughly 85 to  90 percent of the optimum value would achieve the same 

result as increasing the contraction area r a t i o  t o  4. 
combinations can operate at a thrust level of loo0 psis 

pressure of loo0 pounds without a carbon layer i f  the nozzle area r a t i o  

The f’urther benefits of nozzle area r a t i o  reduction 

= 4) are shown in Fig, 25 and 26, T h r u s t  levels  as low as 2100 pounds 

Results similar to  those obtained by increasing 

Propellant 

However, a reduction to  

A l l  propellant 

and chamber 

, i s  reduced t o  60 and the propellant mixutre r a t i o  is  reduced t o  70 
percent of optimum with E of 4 and T of 1700 F. If T i s  increased 

t o  3200 F, a l l  propellant combinations can operate without a carbon layer 

at the lo00 pound thrust level and optimum propellant mixutre r a t i o  with 

C W% wg 

= l o o a n d  f c = 4 .  

Subcrit ical  Omration 

Regenerative cooling limits were investigated for  100- and 2 s p s i a  

chamber pressure applications, 

i n  the jacket would be below the critical pressure f o r  a l l  of the fuels 

and boiling would occur i f  the coolant temperature exceeded the saturation 

temperature. 

determined f o r  both chamber pressures. Cooling limits based upon the 

alternative requirement that  all of the coolant be vaporized prior t o  

injection were also determined. 

Under these conditions, the coolant pressure 

Cooling limits based upon prevention of bulk boiling were 

In addition t o  the comparison of heat 
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absorption w i t h  heat input values, i t  w a s  also necessary to  evaluate the 

boiling heat-flux limits t o  determine the coolant characteristics required. 

Boiling Heat-Flux Limi ts .  Data from Ref.  4 indicate that  peak nucleate 

boiling heat-flux values were i n  the order of 1 Btu/in -see f o r  coolant 

veloci t ies  of 25 fps, Film boiling heat-flux values were approximately 
2 0.5 Btu / in  -sec. Film boiling results in a lower heat flux capability 

as compared t o  nucleate boiling due to  the formation of a h ighthemal  

resistance vapor blanket between the w a l l  and the l iquid core. 

t o  f i lm i s  greatly dependent on the coolant velocity and sub-cooling 

(Tsaturation-TBulk 
curves decrease w i t h  increasing coolant velocity, peaknucleate-flx.tx values 

of approximately 2 t o  3 Btu/in*-sec and f i l m  boiling fluxes of approximately 

1 Btu/in2-sec should be attainable at reasonable design velocit ies of 

100 fps. 

conditions. The above values are typical and are useful in defining the 

type of coolant c i rcu i t  applicable f o r  the various operating parameters. 

2 

Transition 

). Although the slopes of the peak flux-vs-velocity 

The exact values of the heat f lux limits depend upon the particular 

Throat heat-flux values f o r  100 psia chamber pressure 

Table 13. 
the peak nucleate-boiling value. 

film-boiling value f o r  all propellants except 1-butene and, perhaps, propane 

a t  high thrust levels. 

the throat regions as liquids even without a gas-side carbon lwer. 
and 1-butene may also be allowed t o  v a p r i z e  in the throat i f  the assumed 

carbon resistance exists. 

are shown in 

The heat-flux values for all propellant combinations are below 

The heat-flux values are above the 

Thus at 100 psia, a l l  psapellants may pass through 

Propane 

The values of maximum ( th roa t )  heat f lux are a l s o  shown in Table 13 f o r  

the various propellant combinations at 250 psia chamber pressure. 

values are a l l  w e l l  above the film-boiling fluxes so that vaporization 

These 
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TABU 13 

THROAT HEAT FLUX V A L i i S  

Fuel* 

All Fuels - no carbon layer  

Me thane 

bk thane-E thane 

E thane 

Propane 

1 -Bu%ene 

100 
Thrust, pounds 
1000 

2.54 

1.77 

1 e52 

1.27 

I e o 9  

0.76 

20,000 

2.22 

1.56 

1.34 

1.11 

0.94 

0.67 

Throat Heat Flux, Btu/in?-sec - 
Chamber Pressure;psia 

250 
Thrust, pounds 
1000 20,000 

5e54 5.10 

3.88 3.57 

3.32 3 e O 6  

2e77 2.55 

2e38 2e20 

l e 6 6  1.53 

2 "Oxidizer is either FLOX or  aF 
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i n  the throat region is  not permissible for any of the propellant 

combinations, 

boiling flux levels f o r  1-butene, propane, and probably, ethane, and 

indicate that these fuels could pass through the throat region as 

l iquids provided that the gas-side carbon layer is presento 

The throat heat fluxes are below the peak nucleate- 

The heat f lux decays rapidly downstream of the throat as shown in 

Fig, 27, The maximum heat flux shown is the value at the throat; 

the minimum flux shown occurs at the nozzle exit, 

heat input occurs in the low flux region; a,g,, fo r  a chamber pressure of 

250 p i a  and a nozzle area ra t io  of 100, 86 percent of the nozzle heat 

input is  accumulated i n  the region of the nozzle where the flux is less  
than 1 B t u / i n .  -sec. T h i s  impliea that those fuels which cannot be 

vaporized i n  the throat might be completely vaporized i n  the nozzle. 

Most of the nozzle 

2 

Omration at 100-mia Chamber Pressure without VarIorization, 

res t r ic t ion that the fuel bulk temperature be below the saturation. 

temperature for  the lOepsia  chamber pressure case resul ts  i n  the 

heat absorption limits given in Table 5. 
including the gas-side carbon resistance, is shown i n  Fig, 28 for  

the various fuels, 

The 

The to ta l  heat input data, 

Methane and Methane- Ethane Blend, The heat absorption capability 

of methane is  such that bulk boiling cannot be prevented under any of 

the conditions investigated. 

ethane blend. 

bulk boiling, 

The same conclusion applies t o  the methane- 

The presence of the assumed carbon layer does not prevent 
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Ethane, Comparison of the heat absorption capabilites and heat 
inputs of FUIX/methane and OF&thane resu l t s  in the conclusion that 

ei ther  propellant combination can be used, without bulk boiling at the 

10,OOO-pound thrust level  only under the most mild conditions (T 
E = 40, o/f = 70 percent of optimum, gas-side carbon layer present), 

Operation a t  lower thrust levels is  not possible, 

20,000-potmd thrus t  level  is possible only f o r  T 

= 3200 F, wg 

Operation a t  the 

of 3200 F and 6/f 
w g  

85 percent of the optimum specific impulse value, The tradeoffs 

between contraction area rat io ,  nozzle area rat io ,  and propellant mixture 

r a t i o  are shown i n  Fig, 29, 
even a t  these conditions of high w a l l  temperature and high t h r u s t  level. 

Without the carbon layer, ethane cannot be prevented from boiling under 

any condition investigated. 

Fairly severe limits are shown t o  exist 

PTo~erne, Tradeoffs between the various parameters required t o  

L prevent bulk boiling of propane at  100-paia chamber pressure with a carbon 

layer are shown in  Fig, 3 and 310 
the similarity of the tradeoffs f o r  FLOX and OF2. 

s l igh t ly  more severe limits than FLOX because of the higher optimum 

propellant mixture r a t i o  and rspecific impulse of the OFdpropane 

combinations. Both of these factors reduce the fuel-coolant flowrate 
available at a given thrust level, 

Themsults shown i n  Big, 30 indicate 
Use  of OF2 results in 

The tradeoffs shown in Fig, 30 for  FLOX/propane indicate that operation 

a t  the 1OOO-pound thrust  level is just barely possible (o/f = 70 percent, 
E = 40, T = 3200 F), Operation at even the highest (20,OOO pound) 

w g  
thrust level investigated is somewhat limited; Le., operation a t  
T = 1700 F, E = 100, o/f = 100 percent is not possible. Either 
wf3 
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T 

approximately 40, o/P must be reduced to 88 percent of optimum, or 
various combinations of these compromises may be effected. 

must be increased to greater than 2100 F, or E must be reduced to 
wg 

The effect of the contraction area ratio on the operating limits is 
evident from a comparison of the twe sets of curves (for f 
shown in Fig, 31. 
the general conclusions presented in the previous paragraph, 
appears that, if the propane is not allowed to bulk boil, its use 
would generally be limited to the higher t&st levels, 
not be prevented at any thrust level investigated if the gas-side 
carbon layer is absent. 

= 2 and 4) 
C 

This effect, although appreciable, does not alter 
Thus it 

Boiling could 

1-Butene. (Tomparison of the heat absorption data with Fig. 28 

indicates that the FLOX/l-butene or OFd1-butene combinations will not 
boil at thrust levels of loo0 pounds or greater for the tabulated 
conditions at a chamber pressure of 100 psia if the msmed gas-side carbon 
layer is presenta 
from boiling at the lo00 pound thrust level are shown in Table 14, 

Conditions under which the butene could be prevented 

TABLE l4 

E BOILING CON 
T F W 

1700 
1700 
1700 
3m 
2100 

TIONS 
o/f, percent 

100 
100 

85 
100 
100 

T~ s T ~ ~ ~  
Yes 
NO 

Yes 
Yes 
NO 

F = loo0 pounds, Pc = 100 psia, Carbon Layer 



The data shown indicate that  1-butene can be used at the loOepound thrust 

level fo r  all conditions provided that a contraction r a t i o  of 3 or greater 

i s  used. 
boiling if a contraction r a t i o  of 2 were used. 

bulk boiling could be prevented by reducing the propellant mixture r a t i o  

t o  85 percent of the optimum value or  by increasing the allowable gas-side 

w a l l  temperature t o  3200 F, 
r a t i o  t o  40 and increasing the value of T 
boiling. 

because the heat inputs and optimum propellant mixture r a t io s  are similar 
f o r  the two propellant combinations. 

The data show the parameter limits necessary t o  prevent bulk 
Under t h i s  condition, 

Simultaneously decreasing the nozzle area 
t o  2100 F would not prevent w 

The above discussion applies t o  both FIxIX/l-.butene and OF,#-butene 

Without the gas-side carbon layer, the 1-butene propellant mixture r a t i o  

would have t o  be reduced below 90 percent of the opthum value t o  prevent 

boiling a t  even the mildest conditions (Thrust = 20,OOO pounds, E= 40, 
= 4, Twg = 3200 F), 

( C  

b e r a t i o n  a t  100-psia Chamber Pressure with Complete Vamrization, 

those conditions where i t  is not possible t o  prevent bulk boiling, i t  
m s y  be possible t o  completely vaporize the coolant prior t o  injection, 

use of a vaporized coolant would a l so  f a c i l i t a t e  obtaining high 0" efficiencies, 

The coolant flow c i r cu i t  selection f o r  the complete vaporization cases w i l l  

depend greatly upon the distribution of heat input between nozzle (low &/A 

region) and combustion (high &/A region) and upon the peak (throat) heat 

flux level. These various conditions and result ing coolant c i rcu i t s  are 
summarized i n  Table 15. 

low enough to  permit coolant bulk or film boiling (this represents the 

poorest cooling conditions) without excessive w a l l  temperatures then the 

coolant m a y  be flowed single-pass i n  e i ther  direction. 

For 

The 

If, fo r  example, the chamber peak heat flux is 

A nominal limiting 
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heat flux value fo r  this case (condition 1 of Table 15) is approximately 

1 Btu/in2-sec depending on coolant velocity. If the throat heat f lux is 

too high t o  safely permit film boiling, then the coolant must be e i ther  

completely vaporized before it reaches the throat (forced convection 

cooling) o r  a sufficiently sub-cooled liquid t o  permit nucleate boiling, 

In  the latter case, the maximum heat f lux capability i s  about 3 S t d i n  -sec 

depending on velocity and degree of sub-cooling (see p. 71). Condition 2 
of Table 15 represents the case wherein there is sufficient heat input i n  

the nozzle t o  achieve complete vaparization of the coolant resulting in 

the selection of a single-pass counterflow circuit. If the th roa t  heat 

flux is low enough t o  permit nucleate boiling but too high f o r  film 

boiling (condition 3), a single-pass paral le l  c i rcu i t  may be used i f  the 

heat input i n  high flux region i s  less  than that  required t o  ra ise  the 

coolant t o  the boiling point (Le. ,  coolant  is  a sub-cooled liquid). 

Furthermore, there must be sufficient heat input from the l o w  flux region 

t o  complete the heating and vaporization of the fuel. Condition 4 di f fe rs  

f rom the previous condition i n  that the heat input i n  the high flux r e d o n  

i s  more t h a  suff ic ient  t o  heat the fuel  t o  the boiling point and a two-pass 

system is required. In this case the fue l  i s  a sub-cooled liquid i n  the 

t h r o a t  on the downpass (nucleate boiling) and a gas i n  the throa t  on the 

uppass return (forced convection cooling) . 

2 

Methme and Methane-Ethane Blend. Comparison was made of the heat 

2 
required t o  heat and completely vaporize the methane wLth the t o t a l  heat 

input i n  the low-flux region (< 1 Btu/in -sec) of the nozzle. 

comparison demonstrated that f o r  T 
wg  

pounds the methane would vaporize completely because of the low-heat- 

absorption capability and high-heat-input values even with a gas-side 

carbon layer, Lower values of thrust o r  higher values of € would, therefore, 

a l s o  resu l t  i n  complete vaporization of the methane in the nozzle. 

T h i s  

= 1700 F, = 40, a n & T h s t  = 20,oOO 



The methane-ethane blend coolant can be heated and completely vaporized 

in the nozzle only at the 1OOO-pound thrust level  (E = 100, T 

unless the carbon layer resistance is  reduced. 

one-pass counterflow regenerative cooling with complete vaporization in  
the nozzle i s  possible f o r  a l l  thrust levels f o r  E = 100 and T 

o r  f = 40 and T 

= 1700 F) 
w g  

With no carbon resistance, 

= 3200 F, 
w g  

= 170  F. 
w3 

With the assumed carbon layer resistance, the thrust chamber heat input 

is  suff ic ient  t o  heat and vaporize the methane-ethane coolant a t  all 

thrust  levels ( E, = 4, E = 40, T 
wg 

t o  vaporize the coolant a t  a l l  thrust levels f o r  E = 60 (T 
= 1700 F). The nozzle heat is suff ic ient  

= 1700F). 
wg 

Only part of the comhustion zone heat input is  required t o  heat t h  
methane-ethane coolant t o  the boiling point-so that a two-pass regenerative 

cooling c i rcu i t  would be used. 

Ethane, Ethane could not be heated and completely vaporized i n  the 

nozzle (one-pass counterflow coolin 0 )  under any conditions with the 

assumed carbon resistance. 

complete vaporization of ethane in the nozzle would be accomplished a t  

a l l  thrust levels with an E of 100 and T 

With no carbon resistance, heating and 

of 2100 F or less. 
wg 

Nucleate-boiling l iquid ethane could pass through the throa t  region on the 

basis of present carbon layer data, 

could be used under certain conditions. Lia_uid et'nane would enter the injector. 

end of the jacket, pass through the throat region as a liquid and be completely 

vaporized in the nozzleo Sufficient heat t o  ra i se  the ethane temperature 

from near freezing point and completely vaporize the ethane i s  available 

only f o r  thrust 5 10,ooO pounds i n  thrust chambers with f = 2, T 
C wg 

E = 100, 
greater than that required t o  raise the ethane temperature t o  the boiling 

point even f o r  E = 4, Under these conditions a two-pass system would be 

required s o  that the l iquid ethane would receive only a portion of the 

combustion zone heat, the remaining heat would superheat the ethane vapor, 

A two-pass regenerative cooling c i rcu i t  

= 1700 F, 
A t  the lowest thrust levels, the combustion-zone heat input is 

C 
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Pro~ane. Heating and complete vaporization of the coolant in the 
law-heat-flux portion 0% the nozzle is possible only without the carbon 

layer for a gas-side w a l l  ternperatwe of 1700 F. 

are (1) the area r a t io  must be 100, the gas-side w a l l  temperature must 

be 1700 F, and (2) the thrust levels i 10,ooO pounds. 

area ra t io  t o  60 reduces the maximum thrust t o  approximately 2000 pounds, 

Additional res t r ic t ions 

Reducing the 

The heat input to  the ent i re  thrust chamber with a carbon layer is such 

that heating and vaporization w i l l  occur a t  t h r u s t  levels approximately 
= 2, Under these 

E C  
2000 pounds with T = 1700 F, E = 100, and 

w3 
conditions, the heat input i n  the high-flux region is  too high fo r  single- 

pass operation so that a two-pass system would be necessaryo 

parallel flow cooling is possible with 

level  is 1000 pounds, 

Single=pass 

E o  = 4 but the maximum thrust 

Without the gas-dde carbon layer, there is sufficient heat in the entire 
thrust chamber t o  heat and vaporiae the propane a t  all thrust levels 

with E, = 4 and 

would generally be required to prevent bulk boiling i n  the high-flux 

region, 

E E 40 with T = 2100 F, A two-pass  cooling c i rcu i t  
w@; 
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1-Butene. Heating and complete vaporization &n the nozzle is not 
possible even without a carbon layer under any of the conditions investigated, 
Heating and complete vaporization in the entire thrust ckLarnber is also 

not possible if a carbon layer exists. Without the carbon layer, heating 
and complete vaporization in the thrust chamber is possible at all t h t  
levels under the following sets of conditions: 

4 
4 
2 

2 

60 1700 
100 2100 

40 1700 
60 2100 

Single-pass parallel flow cooling circuits are generally applicable 
f o r  thrust levels greater than 5000 pounds with E, > 2  because the 
heat input required to heat the coolant to the boiling point is significantly 
greater than the heat for vaporization. 
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Orwration at  250-Psia Chamber Pressure Without Vamrization. 

the chamber pressure from 100 to  250 psia a t  a fixed tbrwt level results 
i n  higher heat flux values throughout the thrust chamber. 
saturation temperature is also increased and the net result of the chamber 

pressure increase is a higher r a t io  of heat absorption capabilitg (without 
bulk boiling) t o  heat input. 

Inwernime; 

However, the 

Nethane and Methane-Ethme Blende 

absorption-to-input r a t io  a t  250 psia, the methane and methane-ethane 
blend coolants cannot be prevented from bulk boiling under the mildest 

conditions investigated (Thrust = 20,OOO pounds, € = 40, E, = 4, 
T 

Despite the more favorable heat 

= 3200 F, o/f E 70 percent, gas-side carbon layer). 
wg 

Ethane. The minimum thrust limits for  ethane with a carbon layer 

are sho-m i n  Fig. 32. 
boiling be prevented a t  thrust levels under 2500 pounds, Specification 

of a contraction r a t io  of 2 would require an operating w a l l  temperature 

of 3200 F and a reduction of propellant mixture r a t i o  f o r  a l l  thrust 

levels. If the contraction r a t io  is  increased t o  4, operation with a 
2100 F wall and reduced mixture r a t io  and area r a t io  becomes possible 

fo r  high thrust levels. 

FLOX and OF2 as oxidizers is f a i r ly  small with t h t  OF2 propellant 

combination having a slight advantage because of the lower optimum mixture 

ratio. 

presence of a gas-side carbon layer, 

Under none of the conditions examined can bulk 

The difference between resul ts  based u p  

BtiLk boiling cannot be prevented under any condition without the 
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Frome.  Minimum thrust levels  fo r  propane based upon the bulk 

boiling l i m i t  including a gas-side carbon layer are shown in Fig. 33 and 

34. 
at lo00 pounds. 

contraction r a t i o  of 4 but only i f  a w a l l  temperature of 3200 F is used 

and the propellant mixture r a t i o  is  reduced from the optimum value. 

f o r  OFdpropane are  similar t o  those with FLOX/propane. 

combination is  favored s l igh t ly  because of its lower optimum mixture 

r a t i o  and specific impulse (i. e., more fuel i s  available fo r  cooling a t  

a given set of conditions). Propane cannot be prevented from bulk boiling 

under any of the investigated conditions i f  a carbon layer does not exis%. 

For a contraction r a t i o  of 2, operation is  possible under a l l  conditions 

Operation a t  lo00 pounds t i s t  is  possible with a 

Results 
The FLOX/propane 

1-Butene. Cooling with l iquid 1-butene at 250 psia i s  generally 

possible at al l  thrust  levels  if a gas-side carbon layer exists. 

f o r  the most severe thrust  level examined (lo00 pounds), a contraction 

r a t i o  of 3 o r  greater would be required t o  prevent bulk boiling of the 

aoolant without limiting the other parameters. A contraction r a t i o  of 2 

with a w a l l  temperature of 3200 F would a l so  prevent bulk boiling a t  the 

1OOO-pound thrust level. 

propellant mix4nu-e r a t i o  f o r  lower values of T 

i n  Table 16 together with a summary of the results discussed i n  this 

paragraph. 
of FLOX/l-butene because of the equal optimum mixture r a t i o  values. 

s l igh t ly  higher specific implhse of the OF2/1--butene would result i n  a 

reduction of approximately 2 percent i n  the maximum mixture r a t i o  values 

specified i n  the last four l ines  of Table 16, 

Rowever, 

Tradeoffs between nozzle area r a t i o  and 

at  E o  = 2 are shown 
ut3 

The cool ing capabi l i t ies  of OF.#-butene are sirnilar t o  those 

The 
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With no carbon layer resistance, the minimum thrust  level to prevent bulk 

boiling of 1-butene is  3000 pounds (T 
70 percent o/f). 
thrust level under the following ae ts  of conditions% 

= 3200F, E, = 4, E = 40, w 
Regenerative cooling is  possible at the 20,OOO-pound 

TABU 16 

FLOX/l-BUTm COOLING L I N T S  AT 250 PSIA C I h B E X l  
miESSURE WITH Tm 5 TSAT 

Contraction 
T h r u s t ,  lb. Ratio, Eo 

Y 

2 3  
2 

2 

2 
2 

2 

2 

I 

All values over the ranges investigated are suitable, 
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Omration at 250-~sia Chamber Pressure with Complete Vaporization. An 
investigation was made to determine the effects of removal of the bulk 
temperature limit at 250-psia chamber pressure. 
problems associated with two-phase propellant injection, complete 
vaporization of the fuel was established as a necessary condition for 
regenerative cooling applicability. The following results were obtained 
for optimum propellant mixture ratio and 1700 F wall temperature (except 
as noted) . 

To eliminate the potential 

Methane and Methane-Ethane Blend. If a gas-side carbon layer exists, 
there is sufficient heat input to the low heat flux ( < 1 Btu/in2-sec) 
portion of the nozzle to heat and completely vaporize the methane only 
if the nozzle area ratio is 100 and the thrust level is 5OOO pounds 
or less. 
heat and vaporize the methane under all conditions (even if the wall 
temperature were increased to 3200 F). However, the throat heat flux 
is too high for nucleate boiling (Table 13) so that only a portion of 
the fuel is flared through a single-pass counterflow coolant circuit 
such that the coolant is completely vaporized in the low-flux portion 
cf the nozzle, superheated in the high-flux region ef the thrust chamber 
and combined with the remainder of the fuel after exi.tin& the coolant 
jacket . 

There is sufficient heat in the entire thrust chamber to 

The heat absorption and heat input characteristics of the methane-ethane 
blend are such that heating and vaporization of all of the fuel in the 
low-flux portion of the nozzle is not possible under any conditions if 
a gas-side carbon layerr exists. 
fuel by the heat of the complete thrust chamber is possible for all 
conditions investigated with T I 2100 F. 

Heating and vaporization of all the 

wg 
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Without the carbon layer, the methane can be heated and campletely 
vaporized in the nozzle under all conditions. 
can be heated and completely vaporized in the nozzle at all thrust 
levels if the area ratio is 100, and at thrusts of l0,OOO pounds or less 
if the area ratio is 60. 
a carbon layer is sufficient to heat and vaporize the methane-ethane 
coolant under all  conditions, including T 

The methane-ethane blend 

The heat of the entire thrust chamber without 

= 3200 F, wg 

Ethane. Heating and complete vaporization of the ethane in the 
nozzle is not possible under any conditions with a carbon layer. Without 
the carbon layer, heating and vaporization in the nozzle is possible enly 
at thrust levels below 5000 pounds with an area ratio of 100. 

There is sufficient heat input form the entire chamber with a caxbon 
layer to heat and vaporize ethane under the following conditions: 
for thrust = loo0 pounds, all values of E and E ,; for thrust = 5ooO pounds, 
all values except € = 40 and E, = 4; for thrust = 10,OOO pounds, only 
at Ec 3 2 with 
vaporization was not possible. Without the carbon layer, there is 
sufficient heat input from the entire thrust chamber to heat and vaporize 
the ethane under all conditions, including T = 3200 F. However, the 
supercritical analysis results indicated tat the minimum thrust level 
would be approximately 3500 pounds because of the thermal decomposition 
limit, 
exists because the throat heat fluxes are probably low enough to permit 

E =  60 and 100; for thrust = 20,OOO pounds complete 

wg 

A two-pass coolant circuit could be used if a carbon layer 

nucleate boiling, 
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Prowe .  Heating and complete vaporization of propane i n  the low- 

flux region of the nozzle is not possible under any conditions ei ther  

with or  without a gas-side carbon layer. 

heat input from the cn t i re  thrust  chamber i s  sufficient t o  vaporize 

a l l  of the fie1 only a t  the 1ooO-pound thrust lese1 with e = 40 and 

With a carbon layer, the 

= 4, or  at thrust levels  below 4000 pounds with € = 100 and E,  = 2, 
€ 0  

Without the carbon layer, the heat input from the ent i re  thrust chamber 

i s  suff ic ient  t o  heat and vaporize the propane under a l l  conditions 

including T 
nucleate boiling value so that a single-pass counterflow circuit must 

be used with only part of the fuel  used as coolanto 

superheated i n  the high-flux region of the thrust chamber, 

levels below 5000 pounds (with T 

decomposition temperature limit of the propane i s  reached. 

thrust level  may be reduced t o  approximately 2000 pounds by increasing 

the contraction r a t i o  t o  4. 

= 3200 F, The throat heat flux is greater t h a  the allowable 
w@; 

The coolant is 

A t  thrust 

= 1700 F, € = 100, and E = 21, the w g  C 
The minimum 

1-Butene. It is not possible t o  heat and vaporize the 1-butene 

i n  the nozzle under any of the conditions investigated. 

side carbon layer, the tilrust chamber heat input is  sufficient t o  heat 

and vaporize the 1-butene under almost a l l  conditions (maximum thrust = 

17,000 pounds for E. = 40, ec  = 4, T 

without a carbon layer, requires tkt a counterflow coolant c i rcu i t  

with bypass be used. 

coolant when 11 = 1700 F and = 100, The maximum superheat occurs 

when 

of the coolant is  exceeded a t  thrust levels below 20,000 pounds, 

Without a gas- 

= 1700 F). The throa t  heat flux, 
W& 

The maximum portion of the fuel  i s  used as a 

wg 
e ,  = 2 . Under these conditions, the decomposition temperature 
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Oueratim Limits Suppnarg 

The applicable thrust regimes (within the loo0 to x>,OOO pound range of 
the present investigation) for regenerative cooling at 100- and 2%psia 
chamber pressure are summarized in Tables 17 and 18 respectively. 
Figure 35 is a more detailed summary for 250 psia chamber pressure 
operation with a carbon layer. 
coolant with complete vaporization under all conditions. 
conclusions apply to the methane-ethane blend except that the minimum 
thrust level is approximately 3500 pounds at 250 psia chamber pressure 
if a carbon layer does not exist. 
the higher thrust levels and completely 
levels if a carbon layer exists. 
vaporized at all thrust levels but is decomposition limited to thrust 
levels above 3500 pounds at 250 psia chamber pressure. 
be used as a liquid at all thrust levels with a carbon layer and may 

be completely vaporized without decomposition at all thrust levels 
above 5ooO pounds without a carbon layer. 
thrust levels with a carbon layer as a liquid and may be completely 
vaporized at all tmst levels without a carbon layer at lOepsia chamber 
pressure. 
pressure is limited to the 20,000 pound thrust level for 1-butene. 

Methane can be used as a regenerative 
The same 

Ethane can be used as a liquid at 
vaporized at the low thrust 

Without a carbon layer, ethane can be 

Propane may 

Butene may be used at all 

Regenerative cooling without a carbon layer at 250-psia chamber 

At chamber pressures of 500 to lo00 psia, methane may be used as a 
regenerative coolant at all thrust levels even without a carbon layer, 
If the assumed gas-side carbon layer exists, a l l  the fuels can be used 
as regenerative coolants at all thrust levels. 
all of the fuels except methane are restricted to minimum thrust levels 
greater than lo00 pounds at optimum propellant rnixtm-e ratio and T 
Relaxation of either of these two constraints to the most favorable values 
Bvestigated will p e d t  operation at the lo00 pound thrust level. 

Without the carbon layer, 

= 1700 F. 
wg 
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DETAILED ANALYSIS 

The r e s u l t s  of t h e  Parametric Analysis were used t o  select  p rope l l an t  

combinations f o r  more d e t a i l e d  r egene ra t ive  coo l ing  evaluat ion.  

p rope l l an t  combinations s e l e c t e d  a t  the var ious t h r u s t  l e v e l s  are pre- 

s en ted  i n  Table 19. 

is a l s o  summarized i n  Table 19. A con t rac t ion  area r h t i o  of 4 wes 

s e l e c t e d  t o  minimize t o t a l  heat  i n p u t  while maintaining high C* ef f i -  

ciency. Thrust  l e v e l s  of 1000, 5C00, and 20,000 pounds were used. 

Methane was i n v e s t i g a t e d  a t  a l l  t h r u s t  l e v e l s  because of i t s  high per- 

formance ( s p e c i f i c  impulse) and because t h e  Parametric Analysis r e s u l t s  

i n d i c a t e d  methane t o  be an app l i cab le  r egene ra t ive  coolant  under a l l  

cond i t ions  inves t iga t ed .  FroFane was analyzed f o r  t he  5000 and 20,000- 

pound t h r u s t  l e v e l s  because of ope ra t ing  parameter r e s t r i c t i o n s  encoun- 

t e r e d  a t  t he  lowest t h r u s t  l e v e l s  i n v e s t i g a t e d  i n  the Parametric kna lys i s .  

Butene-1 was evaluated a t  t h e  1000 pound t h r u s t  l e v e l  because of i t s  good 

coo l ing  c a p a b i l i t y  with a gas-side carbon l aye r .  OF2 was s e l e c t e d  as the  

o x i d i z e r  f o r  propane and 1-butene because of t he  s u p e r i o r  performance 

r e l a t i v e  t o  FLOX. 
are  very s i m i l a r .  FLOX w a s ,  t h e r e f o r e ,  used w i t h  methane based upon 

c u r r e n t  a v a i l a b i l i t y  and cos t .  

The 

The renge of v a r i a t i o n  of o t h e r  p e r t i n e n t  parameters 

The performance values  of OF2 and FLOX with metk-ane 

The d e t a i l e d  eva lua t ion  cons i s t ed  of complete t h r u s t  chamber regenera- 

t i v e  coo l ing  designs t o  a s c e r t a i n  coolant  pressure drops and channel 

s i z e s .  

t i o n s  according t o  p rope l l an t  combinations. 

The r e s u l t s  of these ana lyses  are presented i n  subsequent sec- 
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GROUND RULES AND PRELIMINARY OBSERVATIONS 

The feasibility of a given chamber design is based upon whether certain 
imposed constraints are exceeded. Of necessity, these constraints are 
somewhat arbitrary. It is important to point out, therefore, the 
various constraints imposed in this study. In general, there are three 
areas of concern in estzblishing feasibility limits: 
tions; (2) coolant limitations, and (3)  fabrication limitations. The 
system limitation is concerned primarily with coolant jacket pressure 
drop. Coolant limitations arise from decomposition at elevated bulk 
temperatures and/or wall carbon deposition at elevated coolant-side wall 
temperatures. Fabrication limits are related to minimum wall thickness 
and channel size. 

(1) system limita- 

Pressure Drop, Geometric, and Thermal Limits 

The imposed constraints zre summarized in Table 20. The allowable cool- 
ant pressure drop was taken as 100 psi at a chamber pressure of 100 
psia and increased linearly to a drop of 500 psi at a chamber pressure 
or" 1000 psia. 

Channel construction was assumed with a constant land width design. 
This represents a neEr-minimum weight design. A 0.050 inch-land width 
was generally used. 
area ratios of approximately 5 to 20 based upon cooling an& stress con- 
siderations. 
allow for ease of splicing. 
to tubcs which are difficult and expensive to splice. An alternate 
approach would be to increese the lznd and wall thickness but this would 

Channel splices were required in the nozzle at 

Advanced fabricetion techniques using channel construction 
This is a distinct advantage when compared 



i n c r e a s e  t h e  chamber weight. The minimum wall t h i ckness  of 0.025 inches  

represents a fabrication l i m i t  based on normal tolerance considerations. 
The minimum channel he igh t  cf 0.025 inches  and c k m n e l  width of 0.040 

inches  were s e l e c t e d  based upon to l e rance  and plugging cons idere t ions .  

Channel c r o s s  s e c t i o n s  were square un le s s  r e s t r i c t e d  by t h e  minimum 

width l i m i t .  The maximum channel width-to-wall t h i ckness  r a t i o  of 5 
a r i s e s  from stress cons idera t ions  and i s  f a i r l y  conserva t ive .  

The coolan t  bulk decompoEition l i m i t s  were obtained from a l i t e r a t u r e  

search  a s  discussed i n  t h e  Parametr ic  Analysis s ec t ion .  The maximum 

coolant-s ide wal l  temperatures  Twc without coking were est imated t o  be 

l5OOF f o r  propane and 1-butene based upon r ecen t  company funried experi-  

mental da ta .  Based upon these  r e s u l t s  and on deccmposition rz te  d i f -  

fe rences ,  a value of 2000F w a p  ca l cu la t ed  f o r  t h e  mzximum T f o r  

methane cooling. Only under c e r t a i n  extreme cond i t i cns  do the  coolant-  
wc 

< s i d e  wal l  temperature c o n s t r a i n t s  come i n t o  importence. 

The wall temperatures and coolan t  requirements a s  ca l cu lo t ed  by t h e  

Rocketdyne d i g i t R l  computer pr0grF.m a r e  based upcn one-dimensional hea t  

f low cons idera t ions .  To ensure thRt allowable wa l l  temperatures were 

not  exceeded a t  h ighe r  hea t  f l u x  l e v e l s  because o f  two-dimensional 

e f fec ts ,  e more detailec! thermal a n a l y s i s  was performed f o r  s e l e c t e d  

cases .  Tkis  was accomplished u s i n g  a thermal ana lyze r  d i g i t 8 1  c o m p t e r  

program t o  c a l c u l a t e  t h e  two-dimensional tetrperature d i s t r i b u t i o n  i n  a 

t h r o a t  s ec t ion .  

The r e s u l t s  of such a d e t a i l e d  a n z l y s i s  areshown i n  t h e  f o r n  of isotherm 

p l o t s  i n  Fig. 36. 
charrber ope ra t ing  a t  a t h r u s t  of 1000 pounds and chamber pressure  of 

1000 ps i a .  

The case s e l e c t e d  i s  a methane-cooled n i c k e l  channel 

No carbon laye'r was assumed s o  t h a t  t h i s  r ep resen t s  t h e  most 
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extreme case considered i n  terms of h e a t  load. 

i s  seen t o  be s l i g h t l y  h ighe r  t han  1700F (2160R) a t  the  midland point .  

The use  of Hastel loy X would r e s u l t  i n  a greater d i f f e r e n c e  between 

midchannel and midland temperatures due t o  lower thermal conduct ivi ty .  

The s u r f a c e  temperature 

The b a s i c  one-dimensional conduction ap;roach appears  s u f f i c i e n t l y  

accu ra t e  f o r  use i n  t h i s  study. I n  gene ra l ,  t he  n i c k e l  and s t e e l  

combustion-side wal l  teEperatures  were held a t  1600F tkroughout t he  

chamber t o  ensure g r e a t e r  cyc le  l i f e .  Only a t  t h e  t h r o s t  was the tem- 

pe ra tu re  allowed t o  approach 179OF. Hastel loy X was designed t o  2100F 

throughout. I n  c e r t a i n  ine t ances  the coolant-side wal l  temperature 

c o n s t r a i n t s  (nuc lea t e  b o i l i n g  o r  coking) d i c t a t e d  the  combustion-side 

wall temperatures. I n  t h e  c e ~ e  of nucTeete b o i l i n g ,  the coolant-side 

wal l  t e q e r H t u r e  i s  cn ly  s l i c h t l y  higher  t h x  t h e  s a t u r a t i o n  tempera- 

t u r e  of t h e  coolant and i s  i n  t h e  o rde r  of 130-3OCF. U n d e r  these con- 

d i t i o n s ,  t he  combustion-side wal l  temperRturee operate  considerably 

below t h e i r  meximum a13 oweble values  (un le s s  extremely th ic l -  walls a r e  

u t i l i z e d ) .  

Thrust  Chamber Well M ~ t t e r i ~ , l s  

Three bes i c  m e t e r i a l s  were ssl t e d  f o r  evalu t i o n  with t h  l i g h t  hydro- 

carbons o f  i n t e r e s t .  These conFisted of  two ccnvent ional  materials such 

a s  s t e e l  and n i c k e l  ope rz t ing  a t  e nominal maximum tenpe ra tu re  o f  1700F 

and a more advanced material such as Hastel loy X opeszt ing z t  3100F. 

is  poss ib l e  t o  Rake a comparative evaluat ion of t hese  olaterials pre- 

l iminary t o  the  d e t a i l e d  a n a l y s i s .  I n  o rde r  t o  minimize coolant  pressure 

drop, i t  i s  necessary t o  minimize the coolant  mass f l u x  requirements. 

This can be accomplished by i n c r e a s i n g  the  temperature d i f f e r e n t i a l  

I t  



between the  wall ( coolent  s i d e )  and t h e  coolant  ( forced convection 

a n a l y s i s ) .  Since t h e  coolant  bulk temperature i s  e s s e n t i a l l y  f i x e d  a t  

a given s t a t i o n  by t h r u s t  and chamber pressure l e v e l s ,  i t  i s  necessary 

t o  ra ise  the  coolant-side wa l l  tempereture. Conversely, i t  may be s t a t e d  

t h a t  t h e  ma te r i a l  which r e s u l t s  i n  t h e  higheet  allowzble coolant-side 

wall temperature i s  s u p e r i o r  i n s o f a r  as reducing the  j a c k e t  pressure 

lo s ses .  That such a material is  no t  n e c e s s s r i l y  t h e  one with t h e  high- 

es t  allowable combustion-side w a l l  temperature w i l l  he shown d i r e c t l y .  

Using t h e  minimum s p e c i f i e d  w a l l  th ickness  of 0.025 inches,  t he  s t e e l ,  

n i c k e l ,  and Hastel loy X were compared i n  terms of t h e i r  hea t  conduction 

c a p a b i l i t y .  For a f i x e d  combustion-side wall  temperature,  t he  coolant- 

s i d e  w a l l  temperature decreasee as the  heat  f l u x  l e v e l  increases .  The 

s lope  of t h i s  curve i s  dependent upon t h e  conduc t iv i ty  of t h e  ma te r i a l .  

This i s  shown g r a p h i c a l l y  i n  Fig. 37. I t  is  aypsrent  t h a t  the s t e e l  i s  

less  d e s i r a b l e  than t h e  n i c k e l  st any hec t  f l u x  l e v e l  ( i . e . ,  T 

t o  n i c k e l  a t  h e a t  f l u x  l e v e l s  of less  than 10 Btu/in2-sec (Pc 

f o r  no-carbon l a y e r  case). 

f o r  wc 
' n i c k e l  always higher  than f o r  s t ee l ) .  The i i a s t e l loy  X appears s u p e r i o r  

500 p s i a  

I t  can 5e i n f e r r e d  from "ig. 37 t h a t ,  a t  high chamber pressures  (high 

hea t  f l u x  l e v e l s )  and low t t r u s t  l e v e l s  (high coolant  bulk temperature),  

t he  n i c k e l  (200) w i l l  be s u p e r i o r  t o  the  a a s t e l l o y  X and s teel  materials. 

A t  lower hea t  f l u x  leve ls  (low chamber p re s su re  and/or carbon l a y e r )  t h e  

Hastel loy X appears t o  5e t h e  b e s t  choice i n s o f a r  as  hea t  t r a n s f e r  i.s 

concerned. I n  a c t u a l i t y  i t  w i l l  be shown t h a t  f o r  low heat f l u x  condi- 

t i o n s ,  t h e  bas i c  material effects on pressure drop are not  of enough 

s i g n i f i c a n c e  t o  warrant m a t e r i e l  s e l e c t i o n  on t h i s  bas i s .  
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Thrust Chamber Ea11 Coatings 

The use of a r t i f i c a l l y  app l i ed  coa t ings  ( i n  t h e  case of no carbon l a y e r )  

were considered i n  t h e  study. 

of 3200F was s p e c i f i e d  f o r  a coat ing.  

ing  design (p re s su re  drop and channel sizes) is  concerned, only t h e  

temperature is of  importance. 

hea t  f lux p r o f i l e  which i n  t u r n  i s  used i n  t h e  b a s i c  design. 

A nominal maximum opertl t ing temperature 

I n s o f a r  as P, t h r u s t  chzmber cool- 

This i s  used t o  determine the  reduced 

P r a c t i c a l  cons ide ra t ions  concerning t h e  use o f  coa t ings ,  however, r e q u i r e  

f u r t h e r  d i scuss ion  p a r t i c u l a r l y  i n  regards t o  thickness  requirements. 

The t enpe rz tu re  d i f f e r e n t i a l  as  a func t ion  of hea t  f l u x  f o r  va r ious  

coa t ings  of 0.010 inch th i ckness  is shown i n  Fig. 38. 

i n g  temperature of 3200F with a n i c k e l  s u b s t r a t e  ope ra t ing  a t  1700F 

r e q u i r e s  a temperature d rcp  of 15003' ac ross  the  coat ing.  

i t  is  seen t h a t  a 0.010-inch-thick tungsten-zirconia oxide composite 

c o a t i n g  would be adequate a t  t h e  t h r o a t  f o r  a chsrnber pressure of 1000 

p s i a  (Q/A = 15 Btu/in -sec). 

f l a x  l e v e l s ) ,  t h e  c o a t i n g  temperature d i f f e r e n t i a l  w i l l  decrease msrkedly. 

Assuming R coat- 

From Fig.  38, 

2 A t  h ighe r  a rea  r a t i o s  ( i . e . ,  lower hea t  

It is  apparent t h e r e f o r e  t h a t ,  i f  maximum use o f  s. coa t ing  i s  t o  be nade, 

t h e  c o a t i n g  th i ckness  must be va r i ed  markedly. This v e r i a t i o n  i s  shown 

i n  Fig. 39 where t h e  c o a t i n g  th i ckness  required t o  n a i n t a i n  a f i x e d  tem- 

pe ra tu re  d i f f e r e n t i a l  i s  shown as a func t ion  of hea t  f l ux .  I n  the  nozzle 

po r t ion  of t he  chamber where h e a t  f l u x  l e v e l s  are less than 1 Btu/in - 
sec, c o a t i n g  th i cknesses  of s e v e r a l  t e n t h s  of en inch are required.  The 

weight of such a c o a t i n g  would be p roh ib i t i ve .  

t h e r e f o r e ,  t h e  use of coa t ings  should be l imi t ed  t o  t h e  t h r o a t ,  combus- 

t i o n  zone, and low area r a t i o  ( e  5 4 )  por t ions  of t h e  nozzle. 

2 

P r a c t i c a l l y  speaking, 
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FLOX/MEME ANALYSIS ~ S U L T S  

Regeneretive cooling designs f o r  FLOX/methane thrust  chm3ers were generated 

using the techniques discussed i n  Appendix E. 

cooline c i rcu i t s  were used throughout. 

so  that low-temperature methene (which has poor cooling cepability) was 

u t i l i zed  i n  the low-heat-flux region of the nozzle. 

(paral le l  flow) c i r cu i t  would have resulted i n  excessively small channel 

s izes  i n  the combustion zone. 

f o r  the subcri.tica1 pressure conditions since the coolant must be completely 

vaporized before reaching the higher heat f lux (throat)  region. 

ing of the methane, therefore, occurred i n  the low-heat-flux (Q/A < l B t u /  

i n  -sec) region of the nozzle where it  can be tolerated wi.thout excessive 

w a l l  temperatures. 

Single uppass (counterflow) 

This pass arrangement was selected 

The use of a downpass 

The uppass c i rcu i t  is particularly important 

Film boil- 

2 

Pressure Drops f o r  Nickel Walls 

Nickel ch'annel designs assuming a carbon layer were investieated in i t ia l ly .  

The car3on layer effectiveness was trken as 0.7 as discussed preiiously 

i n  the Parametric Analysis section. 

Such that the heat load. is  0.7 t ines  the no-carbon-lzyer condition. 

resul t inc pressure drops are summarized in  Fig. 40 f o r  the three thrust 

levels  of interest .  

150 t o  200 psi  at a lo00 psia chamber pressure. 

f eas ib i l i t y  l i m i t s  established previously. 

the 20,000-pound thrust  d e s i o  requires the hichest pressure drop. 

effects contribute t o  t h i s  resu3.t. 

bulk temperature a t  the throat resu l t s  i n  a s l igh t ly  higher mass flux 

requirement. 

pyessure drop. 

This i s  t o  say that  the carbon layer is 

The 

The pressure drops Ere seen to  range from about 

This i s  well within the 

It is  interest ing t o  note that  

Two 

A t  the high thrust  level,  the lower 

The engine s ize  is  also rFflected i n  the s l igh t ly  higher 
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Previous experience has ic?icated that  hich-pressure, high-performace 

engine designs rcsu l t  i n  decreasing carbon layer effectivezess (Zef. 7 
and 10). 
a lso  investigated without the assuyption of a gas-side carbon layer. 

resulting pressure drops f o r  a nickel-wdl chamber are also shown i n  

Fig. 40 f o r  direct  comparison with the carbon layer  designs. 

pressure of lo00 psia, the resul t ing pressure drops range from about 440 ps i  

For this reason, the propellant comSinations of in te res t  were 

The 

A t  a chamber 

a t  a thrust  of xxxx) pounds t o  a drop of &most 600 ps i  a t  the lOOepound 

thrust  level. 

The cause of the large increase i n  system pressure drop as the carbon layer 

assumption is removed i s  three-fold. Primarily, of course, the local 

heat flux i s  incrr-ased. 

the coolant Sulk temperature is increased and the coolant-side wall 

temperature is forced lower. 

an increased heat f lux nust be accommodated a t  a decreased driving 

potential  (T,, - TB), necessitating sharply increased coolant mass flux 

(i.e., high pressure drop). 

affected by increased heat f lux levels hecause of the higher coolant bulk 
temperatures involved 

Also of importance, however, a re  the facts  that  

The resu l t  of these three effects  is that 

The lower thrust  cases are most drast ical ly  

As a point of interest ,  ar~ investigation was conducted to  determine the 

effect on pressure drop of decreasing the maximum allowa3le w a l l  temperature. 

A lower wall temperature permits greater cycle l i f e  and re l iabi l i ty .  

maximw, allowable temperature of the nickel was reduced to  1500F. 
resdts  are presented i n  Fig. 41 f o r  the case with a carbon layer. 

seen that the effect on the pressure drop o f  the design f o r  loo0 pounds 

thrust  is quite significantly increased a t  P = lo00 psia from approximately 

175 to  360 psi  drop as the w a l l  temperature is decreased. 

this value represents a reasonable pressure drop. The greater sensi t ivi ty  

of the low-thrust design i s  caused by the higher coolant bulk temperature. 

The 

The 

It is 

C 
However, even 
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Yall Platerial and Coating Sffects 

A conpsrison of nickel (200) and 347 stainless  steel w a s  made t o  ascertain 

the relat ive difference i n  cocbnt  pressure drop. 

the s t e e l  was exTected to  resu l t  i n  hi,Ther pressure drops than ei ther  the 

nickel o r  3astelloy ?%sed upon thernal conductivity considerations. 

conclusions were confi.rned in  the det;tiled desi,p evzluation as shown i n  

Fig. 42. 

cerbon layer resul t  in an easi ly  cooled chamber with ei ther  nickel o r  steel. 

It is  noted, however, that  the steel design resul ts  i n  approximately double 

the pressure drop ( A P  = 100 psi)  of the nickel design, 

becomes ever, more marked a t  higher heat flux levels. 

pressure of loo0 psia without e carbox! layer, the heat flux level is such 

as t o  approach the conduction l i m i t  of the steel, 

i n f in i t e  coolant velocity and pressure drop since the coolant-side wall 

temperature a n d  bulk temperature are essentially equal ( L e p  the driving 

potential (T,, - TB> decreases t o  zero), 

A s  pointed out previously, 

These 

The selected chamber ~ r e s s u r e  of 500 psia combined with the 

This difference 

Indeed, a t  a chamber 

Such a condition implies 

Chvnber designs uti1izir.g Hastelloy X channel construction were also 

studied. 

are  shown in  pig. 43. 
The r2sulting presswe drops f o r  the crrbon and no-cmbon cases 

The Yastelloy X desiyns itrith a carbon I ~ y e r  have 

2 somewhat lower pressure drop than the nickel designs because the higher 

qllowahle w a l l  teqeratures ,  

appears superior a t  chm!Ser pressures below 500-700 psia. 

chamber pressures, th? re1atirrel.y poor t3erv-7 w n 4 x  t i v i ty  of the 

Yqstelloy resul ts  i n  coolmt-side wall ternperetures lower than nickel. 

The resul t  is sharply increased pressure drops particularly for low-thrust 

design conditions. A t  the loo0 pound thrust  level, f o r  exasple, a coolant 

pressure drop of approximately 1400 psi  was found necessary for  adequate 

cooling. 

Hastelloy X wall would prove of great benefit i n  reducing the required 

pressure drop, 

3ven without a Car30n layer, the Iiastelloy X 
A t  higher 

In these particular cases, the use of a t h i m e r  (than 0.025 inch) 
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The use of a coating operating a t  '32OOF was brief ly  investigatedo 

coating was found to reduce the heat input by 30 percent which is essen- 
t i a l l y  the same effectiveness as the carbon coating fo r  FLOX/methane. 

results of the coated chamber designs are therefore exactly the same as the 

carbon layer results noted previously. 

Such a 

The 

Coolant Temperature and Channel Dimensions 

The methane bulk temperature a t  the coolant jacket ex i t  is shown f o r  the 

three thrust  levels  with and without a carbon layer in Fig. Me 

temperature is 1270F and 840F for  the no-carbon and carbon cases respec- 

t ively a t  lo00 psia chamber pressure. A t  these high tempratures, 

particular design at tent ion m u s t  be given t o  injector face cooling, A t  

higher thrust  levels,  the exi t  bulk temperatures are considerably lqwer, 

e.&., the ex i t  temperature for  F = 5000 pounds, Pc = 500 psia is 620F with- 

out a carbon layer and 350F with a carbon layer. 

transfer to  the coolant occur under subcritical and supercrit ical  operating 

conditions, Therefore, the correlations (described in Appendix E)  used fo r  

chamber pressures of 250 psia and lower were different from those used for  

chamber pressures of  500 psia and higher. 

pressures between these two values. In several cases the data trends in the 

high- and low-pressure regions did not allow confident interpolation through 

the 250 to  500 p s i a  region, 

pressure region appears t o  be practical. 

The bulk 

Different modes of heat 

No analyses were conducted for  

Operation with methane in t h i s  intermediate 

An area of primary importance i n  determining a feasible design is the mini- 

mum channel s ize  requirements. 

1000-pound-thrust FLOX/methane designs are shown i n  Fig. 45 for  the carbon 
and no-carbon assumptions. The m i n i m u m  allowable width was taken as 0.040 

inches so that m i n i m u m  dimensions below that value in Fig. 45 refer  to  

The m i n i m u m  channel dimensions for the 
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Figure 45. Minimum Channel Dimensions for the FLOX/Methane 
RegenerativeTooled Thrust Chambers 



channel height, k dimension greater than 0.040 inch in the figure implies 
a square channel of the stated dimensiono 

chamber pressure of lo00 psia without a carbon layer is seen t o  result in a 

minimum channel size of 0.040-inch wide by 0.024 inch high, 

s iona l  thermal analysis of the channel section is given i n  Fig. 36.). 
channel dimension is essentially the feasible m i n i m u m  value as discussed 

previously. This particular point represents the most extreme ease con- 
sidered. Increasing the thrust  level,  decreasing chamber pressme o r  
presence of a carbon layer result in increased channel sizes. 

dimension ex is t s  only a t  the t h a t  and increases in  the combustion zone and 

nozile sections, Furthermore, because of  the low thrust and high chamber 

pressure, the resul t ing small th roa t  s i ze  requires re'latively few (29) of 
these c r i t i ca l  coolant passages. 

The 1000-pound-thrust design a t  a 

(A two-dimen- 
This 

This m i n i m u m  

OFJPROPANE ANALYSIS RESULTS 

The delxiled regenerative cooling designs for OFJpropane were accomplished 

using the techniques discussed i n  Appendix E, 

designs p r a l l e l  the methane designs discussed previously. B single uppass 
(counterflow) c i rcu i t  was used wherever possible because of the basic mani- 

folding simplicity. In  certain instances, however, dompass (parallel flow) 

c i rcu i t s  were required t o  achieve reasonable pressure drop and channel size, 

In  general, the propane 

Pressure Drops f o r  Nickel Walls 

The result ing pressure dmps for  the OF propane chambers u t i l i z ing  nickel 

channel construction a re  presented i n  Fig. 46 fo r  the 5000- and 20,000-pound- 
thrust levels  of interest .  For the supercritical cases (Pc 2 500 psia), 
single-uppass (counterflow) cooling circui ts  were utilized, "he assumption 

of a carbon layer o r  even an applied coating without a carbon layer results 

2/ 
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i n  moderate pressure drops of less than 200 ps i  a t  lo00 psia chamber pres- 

sure. 
drops are near the imposed constraint of 500 psi, 

The no-carbon-layer cases still appear feasible although the pressure 

The subcrit ical  cases (Pc < 500 psia) were somewhat more complex to analyze. 

For the case of  no gas-side carbon layer, i t  was found possible t o  completely 

vaporize the propane i n  the nozzle. 

obtained previously in the Parametric Analysis which had indicated that  

complete vaporization in  the nozzle was not possible. 

arose fmm the fac t  thqt i n  the nucleate boiling regime the coolant-side 

w a l l  temperature is nesrly equal t o  the liquid saturation tempersture. 

result ing combustion-side wall temperatures i n  the nozde are,  therefore, 

approximately 200-300F rather than the 1700F assumed in the Parametric 

Amlysis. 

20-percent increase i n  the nozzle heat input which is suff ic ient  for complete 

vaporization. This complete vaporization of the propane in  the nozde allows 

the use of an uppass c i rcu i t  with moderate pressure dropso 

This result d i f fe rs  fmm the resu l t  

This difference 

The 

This lower wall temperature results in appmximtely a 15- to 

In  the case of a carbon k y e r  with an effective heat flux reduction of 0.57, 
it was determined that the 100-psia chamber design could u t i l i ze  e i ther  an 
uppass or downpass c i rcu i t  without bulk boiling. The uppass c l rcu i t  pres- 

sure drops were acceptable so that the downpass designs were not pursued 

further. 

lower pressure losses. 

It is exyected that  the downpss c i rcu i t  would resul t  i n  somewhat 

A carbon layer assumption f o r  the 250-3sia chambers does not allow for  

complete coolant vaporization i n  the nozzle 80 that  nucleate boiling occurs 

i n  the throat. 

velocit ies in excess of  300 ft/sec were required, A downpass c i rcui t ,  
however, allows greater subcooling a t  the throat because of lower heat input, 
and coolant velocities of approximately 100 to 130 ft/sec were sufficient 

f o r  t h i s  configuration, d own pass (parallel  flow) coolant circuits were, 
therefore,analyzed a t  the 250-psia chamber pressure level. 

The propane subcooling a t  the throat was so low tht coolant 



Effects of Wall Coatings and Materials 

The use of a coating does not appear necessary a t  the lower chamber pres- 

sures because of the relat ively low pressure drops involved. 

flux conditions a t  reduced chamber pressures wuld require excessively thick 

coatings to  be of benefit, It is believed that the benefits to be obtained 

do not warrant the excessive weight ana increased fabrication e f for t  involved. 

A coating opemting a t  a gas-side temperature of 32OOF would appreciably 

lower the pressure drops f o r  chamber pressures above 500 psiao 

The low heat 

C h a m b e r  designs were developed f o r  the Hastelloy X material a t  super- 

c r i t i ca l  pressures (Pc 2 500 psia). Pressure drop charscterist ics are  

shown in Fig, 47. I n  general, the Hastelloy X appears somewhat superior 

to the nickel (200) for  a l l  cases except the no-carbon-layer cases a t  high 

chamber pressures (Pc Even a t  these extremes there is not 

a great difference between pressure drops for the t w  materials, 

interesting to note that for the Ihstelloy cases with a carbon layer, the 

propane coolant-side wall temperature eonstmint o f  1500F is encounteredo 

This is apparent i n  the typicdl w a l l  temperature profiles shown i n  Fig. 48, 
In essence, full use of the high-temperature capabili t ies of Hastelloy is 

not possible i n  these instances unless the walls are thickened. A weight 

penalty is, of course, incurredo 

as loo0 psia). 

It is 
' 

Previous results with methane indicated t h a t  a t  low pressures the material 

selection is  not significant. The use o f  Hastelloy X a t  subcrit ical  pres- 

sures would, therefore, give the same results a s  the nickel noted in Fig. 46. 

Coolznt Temperature and Channel Dimensions 

The propane exi t  temperatures and minimum coolsnt channel s izes  are surnnoarized 

in Fig, 49 and 50 for the minimum thrust  caseo Exit temperatures mnge f r o m  
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approximately 200F to  700F for  carbon and no-carbon assumptions respec- 

tively. These valws a re  below the estimated decomposition temperature of 
propane. The lowest temperature is subcritical and c0ul.d resul t  i n  l iquid 

fuel injector design requirements, whereas the higher temperature would 

resul t  i n  gaseous fuel injection, Channel sizes are acceptable for  nearly 

a l l  cases. A t  chamber pressures in excess of 750 p s i a  without a carbon 

layer, however, the m i n i m u m  channel dimension f a l l s  below the 0.025-inch 

constraint, Decreasing nozzle area r a t io  would not significantly increase 

the channel size,, Reduction of the mixture ra t io  to  74 percent of opthum 

would increase the channel s ize  to an acceptable level a t  lo00 psin chamber 

pI’eSSure, 

O F ; J ~ - R L ~ N E  AMLEIS RESULTS 

The OF2/1-butene propellsnt combimtion was aElyzed a t  a thrust  level of 

1000 pounds to determine regenemtive cooling prrczmeters and limits based 

upon jscket pressure drop, coolant bulk temperature, and minimum chmnel 

dimensions. 

analyses for the methane and propsne coolvlts except t h i t ,  f o r  the low 
chamber pressure cases with a gps-side carbon layer, the minimum width of 

the lands m s  allowed to increase above the 0.OcjO-inch v d u e  used 

previously, 

the channel dimensions, 

low wall temperatures assockted with nucleate boiling. 

discussion 1000 and 250 psia a re  referred t o  as low chamber pressures, and 

500 through 1000 psia are  referred t o  a s  high chamber pressureso 

The ground rules were generally the =me as  those used i n  the 

This W ~ S  done t o  permit using fewer channels and thus increase 

The larger land width was possible because of the 

In the following 

Nickel-200 Wall material with Carbon Costing 
During operation a t  the low chamber pressures, the coolant is  in  the sub- 

cr i t icn l  region and, therefore, nucleate boiling is the dominant means of 



heat absorption by the coolant, 

temprature kass assumed t o  be 3OF above tlae local saturation temperature 

of 1-butene. The required coolant velocit ies a t  various s ta t ions i n  the 

the thrust  chamber were detemined through the use of correlations given by 

Ref. 40 

In  these analyses, the coolsnt-side wall 

During operation a t  the high cbmber pressures the fuel is i n  the super- 

c r i t i ca l  region and the following equation was used 

0.8 00 4 
NRe NPR = 0.023 

xNU 

t o  determine the mss velocity requirement of the coolant, Differences 
between experimental and calculated (from tlae above equation) values of 

were reported in  Ref. 40 The calculated value w a s  genemily conserva- 
NEU 
t ive and was used for these analyses, 

used f o r  enhqncment of the liquid-side coefficient i n  the throat region. 

A maximum curvature effect  of 1.5 was 

The result ing relationship between pressure drop i n  the coolsnt cbnnels  and 

cbmber pressure is shown in  Fig. 510 
The predicted pressure drop is f a i r ly  low i n  the subcritical region but 

r i s e s  very zxpidly with chamber pressure because, a t  250 psia chamber pres- 

sure, the heat input is hi&er and because the difference between saturation 

teml3eratt.u-e and bulk temperature is l e s s  than for the 100-pia chamber 

pressure caseo 

a s  shown i n  Fig. 52, which lead to  pressure drops which are ,  i n  fact ,  

higher than the pressure drops for  hiP;h-chamber-pressure s e e r c r i t i c a l  

oFra t ion  where the forced convection cooling maie predomimtes, 

iielstionships in  the subcrit ical  region are  shown as l i nes r  which is an 

approximation because only two chamber pressures (100 and 250 psia) 

were m l y z e d ,  

Two dis t inct  regions are  indic2.tedo 

Therefore, higher coolant velocit ies are required, 
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In the supercritical region a t  a chamber pressure of 500 psia, the coolant- 

side wall temperature is approximately 1600F which is  higher than the 15OOF 

limit tased upon the decomposition of the 1-butene. However, a sli&t 

decrease in the e s - s i d e  wall temperature would lower the coolant-side 

temperature f r o m  1600F to the 1500F l i m i t  without causing intolerable 
coolant jacket pressure drops, 

A t  low chamber pressures, the Cpis-side d l  temperature should not be 

designed to opemte a t  1700F because, a s  mentioned ear l ier ,  nucleate boiling 

is prevalent i n  t h i s  pressure range and the coolsnt-side d l  temperature is 

fixed by the saturatian temperatureo Therefore, to keep the gas-side wall 

temperature a t  ; >3OF, an unreasonable wall thickness would be required. 

100-psia chamber pressure, the wall thickness m u s t  be approximately 1.3 
inches as shown in  Fig, 53. Therefore, i n  the present analysis the m i n i m u m  
wall thickaess was chosen on the basis of fabrication tolerances and the 

hydraulic and t h e d  s t resses  with acceptance of the corresponaing lower 

gas-side wall temperatures and s l igh t ly  higher ( a p p m x k t e l y  10 to 20 

percent) heat inputs. 

For 

The low operating w a l l  temperature result ing f r o m  nucleate boiling does, 

however, permit a larger s p a c i q  between cknnels. 

larger channel s ize  since the number of channels is redmed. In  the CUI\- 

rent designs a t  low pressures, the land widths (distance between chmnels) 

were selected so as t o  ensure tht the channel depth would not fiill below 

the 0.025-inch constmint (0,040-inch channel width). 

chamber pressure of 250 psia, the required lanc width was approximately 

0,100 incks compared to 0.050 inches a t  high chamber presswe, Even with 
t h i s  increased spacing the miximum comblistion-side wall temperature remeined 

less than about 300F (based upon a tw-dimensiond thermal 

boiling did not occur even with t h i s  low value of T 

chamber pressure is shown i n  Fig. 540 

This resu l t s  i n  a 

For example, a t  a 

Bulk 

(harmel depth vs 
Wg- 
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Hastelloy-X W a l l  Materials with Carbon C o a t i n g  

The evalmtion of velocity requirements for  both subcrit ical  and super 
cr i t ica l  regions were carried out for thruat chmbers constructed of 

Hastelloy X a s  i n  the case o f  nickel previously described. 

drop is  s l igh t ly  lower than for nickel (Fig. %), because the gas-side wall 
temperature f o r  the Hastelloy-X is higher tm that for the nickel wetll cam, 
This mea- s l igh t ly  lower heat flux, lower velocity, and consequently lower 

pressure drop f o r  the Hastelloy-X material case. 

temperature was above the 1500F l i m i t  in the en t i re  range of higbchamber- 

pressure Cases with T 
tempereture, e i ther  the wall thickness must be increased (curve 4 of 
Fig. 5 3 ) ,  or  the gas-side wall temperature m u s t  be reducedo 

T 

for the nickel case (Fig. 54) because of the similar velocity requirements, 

The pressure 

The coolant-side wall 

= 2lOOF, In  order t o  lower the coolant-side wall 
w g  

Reduction of 
would resul t  i n  pressure drops nearly identical with those calculated 

wg 

347 CRSS Wall Material with Carbon Coating 

This case is again very similqr t o  that with the nickel wall. A plot  of 
pressure drop vs  chamber pressure fo r  347 CRES nraterial is shown i n  
Fig, 51. The pressure drop f o r  the 347 CRES wall is lower i n  the sub- 

cr i t ica l  region than that for nickel. The reverse is true in the s u p e r  

c r i t i ca l  region. In  the low-chamberpressure region, the pressure drop is 

s l ight ly  lower because Twc was determined by the saturation temperature and, 

since them1 conductivity of 347 CRES is lower than nickel 200, the heat 

flux was lower. Consequently, the velocity requirements and pressure drops 

were lower, A t  high chamber pressure, the same gas-side wall temperature 
(1700F) wits assumed f o r  the nickel and CRES. 

of the CRES resul ts  in lower coolant-side w a l l  temperatures for  the same 

value of wall thickness. 

to minta in  the lower T 

The lower conductivity 

Therefore, a higher coolant velocity is required 

for the lower thermal conductivity material. The wc 



r a t i o  of the velocity requirements are related to  the r a t io  of the 

differences between coolant-side wall temperature and coolant bulk 
temperature as 

1025 
c 

Velocity requirements vs chmber pressure for  347 CRES material a r e  shown 

it: Fig. 52, 

The coolant-side wall tempeatures xanged from 1460F a t  500 psia chamber 

pressure t o  1 P F  a t  loo0 p s h o  

and coking of the fuel on the wall is not expected, Additionally, the bulk 
temperature was below the 8OOF bulk decomposition l i m i t  of  the fuel (Fig. 55). 
The channel geolnetry is  sirnilsr to that  of  nickel-200 and Hastelloy-X. 

These values are below the 1500F lhit 

Nickel-200 without Carbon Goa ti% 

In  th i s  case it was assumed that no carbon deposition would take place on 

the wall. Therefore, the ana ly t i cd  heat transfer coefficients were used 

(no reduction i n  heat flux), 

t he  fuel cools a portion of the nozzle through nucleate boiling. 

the bulk temperature eventually equals the saturation temperature and the 

fuel undergoes bulk boiling i n  the l o w  flux portion of the nozzle. 

r e s t  of the nozzle, throat region, and t i e  combustion zone a re  then cooled 

through forced convection by the to ta l ly  vnporized fuelo The wall tempera- 

tures are  low near the exit  of the nozzle &ere nucleate boiling and bulk 

boiling a re  taking place. However, the w a l l  temperature was allowed to  

In the low chamber pressure operating region, 

However, 

The 

139 
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reach higher values i n  the p r t  of the thrust  ckamber cooled by the 

vaporized fuel. 

vection is predominant throughout the thrust chamber, 

In  the high chamber pressure operating region, forced con- 

When it m s  assumed thRt  a refractory coating was applied t o  the gas-side 

wall (no carbon layer) and the @+side wall temperature o f  the coating was 
kept a t  3200F, the heat f lux  was considerably reduced, However, th i s  h e t  

f lux reduction is not as  much as the reduction effected by the carbon 

deposit on the wall. In  order to equalize the heat fluxes f o r  the cases 

of carbon coatinit and refractory coat iw,  the gas-side wall temperature of 
the refractory ccating must be much higher than 3ZoOF, 

The coolant jacket pressure drops f o r  the nickel-200 wall with and without 

refmctory coating are shown in Fig, 56, 
refractory ccatinc: case, although much lower than without the coating, is 

higher than the pressure drop f o r  nickel-200 with carbon deposit (Fig, 

The predicted pressure drops a t  1000 pia chamber pressure a re  550 ps i  f o r  

the uncoated w a l l ,  63 psi fbr the refractory-coated wall, and 27 psi  for 
the carboll-cce ted wall, 

The pressure drop for  the 

Wall temperatures a re  shown i n  Fig. 57 f o r  the cases without a carbon layer, 

The coolent-side wall t eqe r s tu re  a t  t l e  low chamber pressures is as much 

as  l00F higher than the 1 5 0 F  limit based upon coolant coking. 
reduction of T could be made which would reduce T t o  l5OOF wi tbu t  

markedly affectinq the coolant-jacket pressure drop, For hi& chamber pres- 

mre operation with o r  without a refractory coatin?, the coolant-side wall 
temperatures are below 1500F. The coolant velocity requirements a re  high, 

as shown in  Fig. 58 but are  easi ly  met by the mporized coolant. 

A sli&t 

wg wc 

The minimum ckennel dimensions are shown i n  F i g ,  54 fo r  B nickel wall with- 

out a carbon layer, The channel dimensions a re  reasonably large for  low 
chamber pressuresbecause of the low heat fluxes and because the coolant is 
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vaporized i n  the high-area-mtio portion of the nozzle prior t o  reaching 

the thrcxt region. The c h n e l  dimensions for  higher chamber pressures 

are considenbly below the minimum limiting mlues  even with a 3200F 

coatinq. Reduction of the propellant mixture r a t i o  to  70 percent of the 

optimum vdue results in accept-.,ble ctannel dimensions for  chamber pres- 

sures less than approxixmtely 700 psis with R refmctory coating,, 

Figure 55 i s  a plot of the 1-butene bulk temp-ature rise i n  the c o o l a t  

jacket vs thechamber pressure fo r  various cases. The in l e t  temperature 

i n  a l l  cases was 168R, (-292F), I n  a l l  cases when a carbon coatinq is 

assumed, the outlet  bulk temperature is  below the 800F limit. For a 

nickel wall without a g3s-side carbon layer o r  a refractory antin.T, the 

out le t  bulk temperature exceeds the 8003' limits, 

coating which o F r a t e s  a t  a gas-side tempemture of 3200F results in 
accep tame ex i t  temperatures f o r  subcritical -pressure operation. 

i t  should be noted that these tempemtures a re  close t o  the decoaposition 

limit and tha t  maintaininr a gas-side w a l l  temperature of 32OOF results i n  

thick coatings a t  the hiqh area rritio region of the nozzle. Maintaining a 

constant-thickness coating based upon throat requirements f o r  a 3200F 

gas-side coating tempexature would result i n  unacceptable bulk tempewtures. 

Addition o f  R refmctory 

However, 

Reduction of tk propellant mixture ra t io  to 70 percent of the optimum value 
would prevent coolant decomposition even a t  loo0 psia chmber pressure 

without a carbon layer o r  refractory ccating. 
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cd2 

cv 
!E 

C 
P 

E 
e 

F 

f 

G 

g 
H 

hC 

s I 
I 
k 
vac 

L 
L* 
W 
M* 

M*D 

%a 

Nm 

MR 

NOMENCUTURE 

2 reaction kinetic constant, sec-l; area, in 

original. concentration of component 

f r i c t ion  coefficient 

specific heat at constant pressure, Btu/ lb-R 
specific heat a t  constant volune, B N l b R  

equivalent hydraulic diameter, inches 

activation energy, cal/mole 

surface roughness, inches 

thrust  level, pounds 

f r i c t ion  factor  

pressure gradient factor 

mass velocity, lb/sec -in 

gravitational constant, f t /sec 

shape factor; enthalpy (when subscripted) , Btu/lb 

coolant-side heat transfer coefficient, Btu/in -sec 

specific impulse, seconds 
vacuum specific impulse, weonds 
reaction ra te  constant, sec.'; thermal conductivity, 

B tu/in-F-se o 

length, inches 

characterist ic combustion chamber length, inches 

molecular weight, lb/mole 

w a l l  Mach number 

design Mach number referenced t o  sonic conditions 

propellant mixture ra t io ,  a/f 
Nusselt number 

2 

2 

2 

Prandtl number 



NRe 

NST 
n 

o/f 
P 
P/P" 

pc 

Qf 

Qref 

R1 
R2 

Q 

R 

r 
S 

T 

Tf 
TO 
T" 
t 

U 
v 
i? 

wf 
X 

dRt 

Y/Rt 
Y 

Beynolds number 

Stanton number 

boundary layer prof i le  exponent 

propellant mixture ra t io  

pressure, psia 

r a t io  of nozzle wall t o  throst s t a t i c  pressures 

chamber pressure, p i a  

t o t a l  heat input, Btu/sec 

heat absorption capabil ity of fuel,  Btu/sec 

to ta l  heat input under reference conditions, Btu/sec 

gas constant, ml/mole-K 

radius of curmture upstream of thmat ,  inches 

m-dius of curvature downstream of  throat, inches 

m-dial coordinate, inches 

coordinate al ong surface , inches 

temperature, R or  K 

max imum fuel tempemture, F 
mainstream stagnation tempemture, R 
s t a t i c  temperature a t  throat, R 

time, seconds 

local stagmtion temperature ( i n  boundsry layer),  R 

wall thickness, inches 

velocity, in./sec 

velocity, f t /sec 

flowrate, lb/sec 

fuel flowrate Ib/sec 
fraction of component decom;msed; depth of carbon 

layer, inches 

nozzle length referenced to thmat radius 

coordimte normal to wall 
nozde radim referenced to throat radius 
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Greek Symbols 

Y 
6 
00 

Subscripts 

8 
i 

Superscripts 

nezzle length, percent of 15-degree conical nozzle 

freestream value 

them1 boundary layer depth, inches 

velocity boundary layer depth, inches 

displacement thickness, inches 

nozzle expansion area r a t i o  

contraction area r a t i o  

heat input influence coefficient 

characterist ic velocity efficiency 

momentum boundary layer thickness, inches 

maximum nozzle w a l l  angle w i t h  d s ,  degrees 

viscositg, lb/f t  

density, lb/in 3 
sec 

based upoa momentwm boundary layer th&&aess 

based upon energy boundary layer thicknews 

throat value, evaluated a t  atmospheric pressure 
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IIpp%NDIX A 

GASSIDE HEAT TRANSFER COEJ?FlClR?T CAICULATIobTS 

The gas-side heat transfer coefficitmts were determined i n i t i a l l y  without 

considering the effects of carbon formation on the thrust chamber wallo 
The method of calculating the profiles of the heat transfer coefficients 

w a s  the solution of the integral  momentum and energy equations. 

Referring t o  the definition of the momentum thiclmess and energy 

thickness, respectively: 

For a similari ty of stagnation temperature and velocity distributions 

t h r o w o u t  the boundary layer and equal depths of the velocity ( sv) 
and thermal ( 6 ?) layers, the energy and momentum thicknesses might 

be expected t o  be equal, 
and wall cooling or heating conditions, the values of these thicknesses 

can depart considerzbly from each other. In  general, the rapid accelera- 

t ion of the flow within the throat vicinity resul ts  i n  greatly diminished 
momentum layer thickness, with less  effect on .the thermal boundary layex. 

However, under vmiable freestream accelerations 
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The momentum and energy integral  equation forms may be compared f o r  similarity 

i n  the following axisymmetric formr 

With the exception of the first term within the right-hand brackets, a near 
identity of the growth of the momentum and energy thicknesses is  observed 

for  neeequiva len t  relationships f o r  the nondimensional heat transfer 

coefficient(NST) and skin fr ic t ion coefficient (C f /2 ) ,  respectively. 

From Eq. 3 it is seen, however, tha t  a strong acceleration a t  a low flow 

velocity w i l l  result  i n  a controlling influence on the momentum thickness 

growth and a possible decay of the layer thickness i n  the throat region, 

'On the other hand, extreme cooling (H+ -1) of the w a l l  w i l l  tend to  

increase the momentum thickness, 

combustion chamber geometrical contour, the effect  of a substantial w a l l  

temperature r i s e  toward the throat i s  seen t o  increase the thermal layer 

thiclmess. 

Similarly, within the bounds of a given 

Study of the component p a r t s  of the relationships shown i n  Eq. 3 and 4 
then allows tne explanation of the occurrences noted exprimentally, 

example, if the momentum boundary layer thickness is small  i n  the throat 

region, e i ther  as  a resu l t  of strong acceleration, s h o r t  combustor length, 

or  low-freestream m&ss velocity conditions, the possibil i ty of retention 

of a laminar boundarylayer OF a reverse transition from a turbulent t o  a 
laminar boundmj layer can occur in the throat region. 
damping of initial combustion turbulence within the flow acceleration region 

can allow fo r  

For 

In addition, the 

effectively higher c r i t i ca l  transit ion Reynolds numbers. 

A-2 
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The solution of the two integral  equation forms provided by Eq, 3 and 4 

can most easily be accomplished when these relationships are reduced t o  
the form’s 

- ( r p U  d 2 8 ) = r p U  2(;~) - r pu ds 

Because of the variation in the mainstream gas composition with shifting 
flow behavior, the solution may be expressed i n  the nondimensional mi- 

symmetric formsr 

Solution of these equations requires relationships between the Stanton 

number (Cn) and the energy thickness (#, and between the skin f r ic t ion 

coefficient and the momentum thickness (Q) 
relations have been established for  both laminar and turbulent flow, 

Various semiempirical 

For the skin f r ic t ion  coefficient under accelerating flow f i e ld  conditions, 

study of laminar, and turbulent fl& conditions indicates-a dependence on 
the pressure gradient fo r  equivalent momentum Reynolds number conditions. 

For the laminar case, the solution employed with corrections for  reference 

temperature coincident w i t h  cooled w a l l  and compressible flow conditions 

was 

A-3 
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For the turbulent skin friction, a modified, closed-form solution to include 

acceleration and ahap factor effects on the boundary-layer profile exponent 

w a s  employed. This form isr 

w h i c h  reduces fo r  n = 7 (Leo ,  U/Um = (y/b )1'7 in outer region turbulent 

layer) to  the form: 

For the definition of t ie local heat transfer coefficient, a similarity 

between thenondimensional heat transfer coefficient and the skin f r ic t ion  

coefficient w a s  assumed, neglecting pressure gradient effects upon the 

thermal boundary layer profile. For this assumption, these values 

(based upon energy thickness) become: 

(12) 
1 

(laminar) Nm = 0.2 17 
ac 

1 /4 
I - 0.0122 -* (turbulent) 

NP, (13) 
The nondimensional heat transfer coefficients of Eq. 12 and 13 were converted 

t o  the actual hot-gas-side heat transfer coefficient by the relation 

Pac  p hi?= ST, 
Iv 
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The t o t a l  heat input .t;o the wall was obtained by numerical integration 

along the n05Zh w a l l .  

Q = 1. (Taw 6 Twg> d S 
w h e r e  

actual combustion temperature, T~~ i s  related t o  the ideal (Impercent 
C* efficiency) combustion temperature by: 

2 
To = To 3 c *  IDEAL 

A-5 
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AppElpDIx B 
GASSIDE CARBON LAYER THEIPIAL RESISTANCE 

!he computerized integral  energy equations were first applied t o  experimental 

data of Ref. 4 taken at a chamber pressure of 100 psia in  uncooled thruat 

chambers. 

analysis. 

t o  determine because of incamplete combustion, mixing, and freestream 
turbulence. For the theoretical analysis, therefore, the point of in i t ia t ion  

was located one inch downstream of the injector face. 

Actual thrust  chamber geometrical parameters were used in the 

The flow-field behayior in the cylindrical  section is difficult  

Heat transfer data correlations using ei ther  the local heat flux or  gas- 

side flow coefficient have two dis t inct  disadvantages: 

parameters are functions of chamber pressure, propellant combustion, 

mixture ra t io ,  and characterist ic velocity e f f i c i e n q a n d  (2) these 

parameters vary strongly with the local mass velocity (area rat io)  and 

therefore increase a t  a rapid rate i n  the throat region. 

correlating parameter can be obtained by nondimasionalizing the heat 

transfer coefficient by dividing it byPVC 

and multiplying by ( C  ,r,"k,i/?, thereby forming the Stanton-Prandtl 
P 

parameter which i s  related t o  Reynolds numbergbased upon the momentum 

boundary layer thickness ,through the modified Reynolds' analogy 

(1) these 

A more general 

t o  form the Stanton number 
P 

where 9 is  the momentum boundary .layer thickness. 
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Th h  re lat ion indicates that  the Stanton-Prandtl parameter is 8 W e a k  

function of local mass velocity and hence chamber pressure, area ratio,  
and characterist ic velocity efficiency, and also a weak function of 

combustion product properties. 

of the l oca l  bpnddary layer development, 

along a thrust  chamber w a l l  surface indicates which regions of the chamber 

It can be used t o  provide a direct indication 

The distribution of this parameter 

centour are effective i n  promoting boundary layer growth. 

%e 14spm2’3 parameter value a t  the beginning of the converging section 

w a s  used t o  evalw.te the gas side theoretical. heat transfer coefficient 

which was then held constant i n  the cylindrical combustion zone. 

and experimental values of N Sflm2l3 are plotted i n  F i g o B 1  through €4 f@r 
the propellant combinations using FLOX with methane, propane, pentang 

blend, and 1-butene fuels. 

Theoretical 

The experimental data shown in  Fig. B1 sometimes imply boundary layer 

attachment near the injector (points 1) and a t  other times near the start 
of convergence (points 2, 3, 4)as indicated by a decreasing value of the 

L. 

curve is also shown i n  BSflPt’3  parameter. ”he theore t i c a l  N, 2/3 
d!tJPR 

Pig. B1 and has the same general shape as the experimental curve downstream 

of the convergent section entrance, 

The parameter N sflm 2/3 plotted vs axial coordinate f o r  propellant combina- 

t ions using FLOX with propane, pentane-blend, and butene-1 as  shown i n  

Fig. B2, B3, and B4. It appears i n  these cases that e i ther  the boundary 

layer  attaches near the injector and the film coefficient decreases with 

length (boundary layer grows with length), or that impingement of the 

oxidizer on the w a l l  takes place near the injector ( swirlers i n  oxidizer 

spuds of the injector RLlOA-3). 

B-2 
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= 103 p i a  - 120 p i a  

Pfhh &ti0 4097 - 5.73 

Thrust = 2,800 t o  2,900 POUS 

---Experimental Results 

Axial Coordinate, inohes 
Figure 131, Nondimensionalized Heat Transfer Rate vs Axial Coordinate for  

FLOX/Hethane J3-3 
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Legmnd r Thrust, pounds Pc , psia MR Percent F2 

e00120 

.00llO 

.00100 

e m 8 0  

2891 108 4 *o0 75 
2783 105 4- 36 75 
2'727 103 4,68 75 

e o 0 0 6 0  

e 00050 

e Om40 

Axial Coordinate, inches 

Figure B2 Nondimensionalized Heat Transfer Rate vs Axial Coordinate 
f o r  FLOX/Pmpane 
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Legends Thrust, pounds ' 0 ,  psia MR €'ercent F,, 

1 3182 2.73 70.4 119 
2 
3 

3167 
3330 

1 1 I I ' 
15 00013 5 10 

.OOolO 0' 
Axial Coordinate, inches 

Figure B3 Nondimensionalized Heat T r a n s f e r  R a t e  vs Axial 
Coordinate f o r  FLOX/l-Butene 
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Figure BQ Nonaensionalized Heat Transfer Rate vs Axial Coordinate 
f 0r FLOqPentane-Blead 
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The experimental data of Ref. 

resistance by assuming that the measured gas side resistance was equal to 

that of the carbon layer plus the theoretical value. 

4 was used t o  evaluate the carbon layer 

A plot of x/k, thus calculated, vs local mass velocity is  presented i n  
Figa5 for  FLOX/methane at 100 psia chamber pressure and indicates separate 

correlations for  the converging and diverging portions of the nozzle. 

equations correlating x/k with the local mass velocity, G, are 

The 

In (x/k) = 6.33 + 1.83G (converging) 

In (x/k) =E 12.37 + 12.7 G (diverging) 

In contrast, correlations f o r  the other propellants tested indicated a 
single f’unction for the ent i re  nozzle. These correlations are as follows: 

fn (x/k) = 10.52 - 6.000 (FLOX-Propane) 

In (x/k) = 10.06 - 3.26G (FLOX-Pentane blend) 

ln (x/k) = 10.87 - 4.630 (FLOX-Butene-1) 

The data upon which these correlations are based are found i n  Figs.% through B8, 
Since a constant theoretical film coefficient was used in  the combustion 

zone where the mass velocity w a s  assumed to be constant, no definite trend 

of x/k vs mass velocity exis ts  i n  this region. 

The 25Spsia t e s t  data f o r  FLOYmethane were also analyzed to  determine 

the carbon thermal resistance layer as a function of local freestream 

B-7 
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pc= 103 psia - 120 psia F = 2.8K - 2,9K 

cC= 2.78 Mixture Ratio = - 5.73 
3.5 

2 bss  Velocity, G, l b / h  -aec 

ft 
Figure B5, Carbon Layer Resistance Correlation for FLO@ethane 
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Figure B6 Carbon Layer Resistance Correlation for FLOX/Fkopane 
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= 2.78 

E = 3.54 
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Figure B'7, Carbon Layer Resistance Csrrelation f o r  FLOX/Butene-l 
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Figure B8 . Carbon Layer Resistance Correlation f o r  FLOX/Pentane-Blend 
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m a s s  velocity. The resul ts  are sham in l?ig.Bg . Although the data 

are scattered (variation i n  mixture ra t io ,  chamber pressure, combustion 

efficiency, and injector effects),  separate trends existed for  the values 

upstream of the throat and downstream of the throat. 

the two lines best representing these trends are: 
The equations for 

In (x/k) = 5.96 + 1,056 (converging) 

and 

In (x/k) = 8.24 - 1.176 (diverging) 

&12 
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P p s i a x 2 2 5 -  272 B, l b s  zs 9300 - 11,300 

= 2.78 MR = 3.73 - 6-08 c 

G = 3.54 

4 x lo2 

2 Mass Velocity, G, lb/in. -see 

'Figure E9 Carbon Layer Resistance Correlation for  FLOX/Methane 
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appENDrx C 
TIBZMAL DECOMPOSITION OF LIGHT IIPDROCARBONS 

The pyrolysis of lower hydrocarbons has been studied over several decades 

by h n y  investigators, including some eminent physical chemists. Newer 

studies, u t i l i z ing  modern techniques, yielded more extensive and, 

expectedly, more accurate data, For the most part, however, resul ts  
sbtained jn relatively old classical  studies remain valid, 

KINETICS AND PRODUCTS OF PPXOLYSIS 

For uncatalyzed thermal debomposition, lower hydrocarbons ( C1a4) require 

temperatures of the order of 800 t o  l5OOF, 

a t  considerably higher temperatures but w i t h  concomitant shorter residence 

times; e.g., in  shock tubes. The products are not only the smaller 

fragments, down to  elemental carbon, but also some larger species. 

radical type chab reactions are involved. 
found to be obeyed (although, i n  the case of ethane and propane, 3/2-order 

was reported t o  apply fo r  special conditions). 

are generally governed by the equation 

Some studies have been conducted 

Free- 

First-order kinetics were 

Thus, the reaction rates  

E exp (kt) a - 
a - x  

The init ial  concentration is  a. 

The reaction rate constant, k, is dependent upon temperature,T,and is  

expressed as 

The concentration decrease in time t i s  X. 

k I A exp (E/RT) 

where R i s  the universal gas constant and A and E are characterist ic constants 

for  the reaction. E is called the activation energy. 

C-1 
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On pyrolysis, methane yields hydrogen, ethane, ethylene, acetylene, 

propylene, and (at higher temperatures) elemental carbon. 

In the i r  studies of the pyrolysis of CH by a dynamic method in the 

temperature range of 1740-210013, Hurgulescu and Schneider (Ref, 11 ) 
determined the overall aetivation energy t o  be 86.57 Kcal/mole. 

another study of Scbneider (Ref, 

;uPr wtiva t ion  energy was 87,25 Kcal/mole. 

4 

In 
12) under s t a t i c  conditions at 138l F, 

Data from other studies resulted i n  different kinetic parameters. 

acceptable value fo r  the ra te  constant of the overall reaction appears 

t o  be that deZrermirred i n  1935 by Kassel (Ref. 
12  -1 exp (-79,OOo/RT) see 

An 

13 ) t  

k = 10 

The overall activation energy proves to  be much lower than that  required 

f o r  the in i t ia t ion  step (considered t o  be CH .+ +H), Strzdying 

the thermal cracking of methane i n  an adiabatic compression apparatus 

within the range of 1590 t o  175oEI: at 20 a t m  pressure, Kondratiev 

(Ref.  14 ) obtained f o r  the primary step 
k -- 1015 exp (-103,oOo/ar) sac 

4 9, 

-1 

Under Kondratiev' s conditions, the reaction w a s  not measurable below 

1592K (2407F). 

perfectly coincides with the respective bond diasocaition energy 

The activation energy obtained fo r  the primary step 

as determined in 

(Ref. 15). 

- H) = 103 Kcal/mole 

194.0 by Polanyi, and confirmed i n  1950 by Szwarc 

G 2  
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Ethane, C2Hs 

The deeompssition of ethane leads t o  the formation of ethylene and H2, 
followed Q the breakdown of the ethylene. both processes involvjng 

free radical reactions. Earlier studies (Ref. 

energies of 70 and 74.5 Kcal/mole. 

Wo jciechowski (Ref . 16 ) demonstrated that at approximatsiy 118OF there 

is a transit ion t o  3/2-order kinetics from the usual first order mechanism. 

The experimental data seemed t o  support the Kuchler-Theile meckusrniam 

( in  preference t o  that of Rice and Herzfeld). The overall ra te  constant 

obtained 3n the extensive investigation of Laidler and Wojciechowski wm 

exp (-73,06O/RT) sec 

13 ) gave the activation 

The aewer work of Laidler and 

-1 k IIZ 1.07 X 

The main products of decomposition of propane are CH , ethylene, propylene, 

and H (ia approximately equal. amounts)j the minor products include 

ethane, methylacetylene, acetylene, carbon and butane. The m a j m  

reactions follow the stoichiometry 

4 
2 

and 

Earlier studies of Steacie 

energy of 63.3 Kcal/mole. 

u t i l i z ing  the experimental 

+ CH4 

and Piaddington (Ref, 13) led t o  the activation 

Similarly, Myers and Weston (quoted i n  Ref. 17), 
data of other investigators, estimated the 

activation energy at 63 Kcal/mole. 

arrived at different values of kinetic parameters and, as i n  the case 

of ethane, showed that e i ther  first-order kinetics (at lower temperatures, 

However, i n  1962 Laidler e t  al (Ref. 18)  

'-3 
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and high pressures) or  3/2-order kinetics (at higher temperatures, and 

lower pressures) were obeyed. 

steps was postulated. The activation energies were 67.1 Kcal/mole for  

the first order region, and 54.5 Kcal/mole for  the 3/2-order region. 

w i l l  be noted that the average of these two values corresponds roughly 

to  the resul ts  from ea r l i e r  studies. 

investigation of the pyrolysis of propane by Kershenbaum and Martin 

(Ref. 

value of the activation energy. 

A f ree  radical mechanism involving s ix  

It 

However, the most recent (1967) 

19). at the University of Michigan led t o  the considerably lower 

The overall ra te  constant was 

11 -1 exp (-52,1oO/RT) see k 5 2.4 x 10 

1-Butene, C Ha 

Most of the information on the thermal decomposition of 1-butene derives 

from the studies i n  1958 by Bryce and Kebarle (Ref. 20 ). 
static system i n  the range 914 t o  1040F, they found that the first-order 

kinetics were obeyed; the gaseous products were CH , propylene, ethylene, 

ethane, and some H2; and the liquid products included cyclohexadiene, 

cyclopentane, and cyclopentadiene. 

ra te  constant can be taken a s  

Using a 

4 

A representative value of the overall 

k I exp (-66,OOO/RT) 

Earl ier  (1950), studying bond dissooia%ion mergies by the toluene carr ier  

gas technique, Sehon and Smarc (Ref . 21 ) found that the primary dissociation 

s tep i n  1-butene has the rate constant 
-1 k = ld3 exp (-61,50O/RT) sec 
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T h i s  value w a s  substantiated by recent (1965) studies of Kerr, Spencer, 

Trotman-Dickenson (Ref, 22) Using the aniline-carrier technique, they 

investigated the decomposition of 1-butene i n  the 900 t o  99arc temperature 

range and found the rate constant f o r  primary dissociation step; Le., 

for the bond rupture yielding the methyl and a l l y l  radicals 

cH2 c$[CH2CH = CH2 +C%. + CH2CH = 

t o  be 
-1 

ezp (-59,lOO/RT) sec 12 . 71 k = 10 

T h i s  value w a s  identified with the respective C-C bond dissociation energy. 

Since the overall activation energy is trsually considerably lower than 

the activation energy f o r  in i t ia t ion  i n  t h i s  type of processes (compare 

the results of Kassel and of Konratiev, in the case of methane), it would 

appear that  the value f o r  1-butene given by Bryce and Kebarle might be 

too high. 

The kinet ic  parameters fo r  gas-phase thermal decomposition of the four  

hydrocarbons considered are assembled i n  Table C-1, 

i n  mind that  these parameters were obtained i n  different teperature 
ranges. It should be also noted that lower-activation energies are 

coupled with consistently lower pre-exponential factors, leading to  

smaller differences i n  the predicted rate constants. 

It should be borne 

DECOMPOSITION TWW!I!URE 

The pyrolysis takes place over a range of temperatures. 

practical  reasons, i t  is  important to know at w h a t  temperature the 

decomposition starts; Le. ,  becomes measurable, o r  begins t o  exert 

same noticeable effects. 

However, f o r  

Such a "decomposition temperature" has t o  be 
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defined arbi t rar i ly .  

the thermal decomposition temperature was arb i t ra r i ly  taken as @that 

temperature where one mole percent of the material. decomposes i n  one hour”. 

Such a rate is  actually rather slow and 1 percent decomposition i n  lminute 
8r even 1 second is of greater interest. 

decomposition temperatures were calculated f o r  comparison. First-order 

kinetics were used in a l l  of the following calculations; it can be shown 

that an er ror  of 0.5 i n  reaction order would only affect  the calculated 

decomposition temperatures by approximately 50P, 

In  the work at Monsanto Reseamh Corp. (Ref. 8 ), 

Three  sets of values of t h e  

The decomposition temperature can be calculated from kinetic parameters 

i n  the following manner: 

Hence, f o r  1-percent decomposition i n  1 second 

k a 2.303 l o g 9 9  loo = 1,0044 x sec-’ (log k = -1.9981) 

For 1-proent decomposition i n  1 minute 

100 
60 99 log - = 1.674 x lo4 see-’ (log k = -3*7762) k =  

and fo r  1-percent decomposition i n  1 hour 
-1 k = 2.79 x see (log K = -5.5544) 

From the Arrhenius equation 
k A exp (-E/RT) i-E = 2.303 R!F (log k - log A) 
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Therefore z 

1, For 1 percent decomposition i n  1 second 

E 
= 4.576 (1.9981 + log A) 

2, For 1 percent decomposition in 1 minute 
E 

4.576 (3.7762 + leg A) TPL 

3. For 1 percent decomposition in 1 hour 
E 

4.576 (5.5544 + log A)’ 
T =  

The decomposition temperatures, calculated in  this w a y  f rom the kinetia 

parameters listed i n  Table El are given in Table C-2. 

TABLE C-2 

DECOMPOSITION TEiMPERATURES 

Hydrocarbon 

(Table C-1) 

Me thane l e  

2, 

Ethane 

Propane 1. 

2a. 

2b . 
l-Ih&ene 1. 

28, 

2b o 

Calculated temperature, F, 
fo1 

1 hour 

1310 
1512 

937 

750 

640 
861 

925 

844 
813 

L mrcent decc 

1 minute 

1510 

1697 

1069 

892 

752 

991 

1069 

982 

9% 

position in 

1 second 

1760 

1928 

1230 

1072 

887 
1148 

1248 

1153 
1120 
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INHIBITION AND CATALYSIS 

The thermal decomposition of hydrocarbons can be aceelerated or, Lo some 
extent, inhibited by products of reaction, additives, or surfaces. The 
catalytic effect of surfaces is of particular interest, 

Even in the bmogeneous pyrolysis of methane under static conditions 
Schnaider (Ref. 12) noted: (1) an induction period,Z) the "hydrogen 
effectn$ i.e. slowing down of the dissociation by the accumulation of 
hydrogen; and (3) autocatalytic effect ,caused by the accumulating ethane. 

Because of the free-radical chain character of decomposition reactions, 
the process can be markedly Wbited by the addition of free radical 
acceptors, such as nitric &.de or olefin. 
studied the effect of adding 0,5 to 10 percent butenes on the cracking 
ef gaseous alkanes. It 
was suggested that the effect may be cautsed by the decomposition products 
(propylenes) rather than to butenes. 
m a y  be quite relevant to the behavior of 1-butene. 

Stepukhovich and Krol (Ref. 23 ) 

The inhibiting effect of ethane was observed. 

Actually, this inhibitory effect 

The inhibitory effect of the added propylene on the decomposition of 
propane was studied extensively by Laidler et a1 (Ref, 24 ). 
the pronounced slowing down of decomposition of propane by the added 
propylene was demonstrated experimentally by Kershenbaum and Hartin 

Recently, 

(Ref. 19 

c-9 
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The effect of surfaces on the decomposition of methane w a s  investigated 

by Eobinovich and Rodinov (Ref, 25 ), within their study of the formation 

of carbon filaments, 

catalytic effects. 

but metals of the Fe subgroup showed a marked catalyt ic  activity,  

was found t o  act catalyt ical ly  only above lOOOC (1830F), 

Copper, porcelain, and pure carbon showed no 

Platinum exhibited only a small accelerating effect, 

Quartz 

Laidler et al (Ref. 18) noted that  the rate of propane decomposition 

i n  a quartz vessel w a s  lowered approximately 20 percent by an increase 

in the surface-tbvolume r a t i o  by a factor of 12, 

The work of Golder (Ref. 

“decomposition tenperatwe.* In the presence of a cobalt catalyst  

1-butene yielded H2, C, m4, and C2H6 at  35OC (662’1, 

26) demonstrated how a catalyst  can lower the 

PYR0LT”IC CARBON FORMATION 

The decomposition of hydrocarbons at high temperatures leads t o  the 

formation of pyrolytic carbon on the reactor w a l l s ,  The phenomenon 
is  often referred t o  as par t ic le  formation (since the solid aggregates 

need not be pure carbon) o r  coking. 

especially with branched structure, yield carbon more readily, much of 

the useful information on pyrolytic carbon formation was obtained i n  
studies of the pyrolysis of methane, 

Although higher hydrocarbons, 

Greene et a1 (Ref. 2 7 )  studied the decomposition of methane i n  a shock 

tube at 1600 t o  25001c and concluded that  the results supported Porter’s 

acetylene mechanism of carbon formation. Rafalkes and Tesner (Ref, 2 8 )  

investigated the carbon formation from CH 

high temperatures, 1150 t o  145oc. 
formed in  decomposition slowed down the carbon depostion on the reactor 

(and other gases) also at 4 
They noted that the hydrogen 

c-10 
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w a l l s ,  

involving the study of catalyt ic  effects, employed lower temperatures, 

800 t o  1250C (1472 t o  2282F). Intensive growth of carbon filaments on 
metals by decomposition of methane w a s  observed at 925 t o  looOC 

(1700 t o  1830F). 

Eobinovich and Rodinov (Ref. 25 ), i n  the previously ci ted work 

A recent (1967) paper by Syskov and Jelikhovskaya (Ref, 29 ) deals with 

the mechanism of fornation of pyrolytic carbon, 

i s  not mentioned, md the direct  decomposition of hydrocarbon molecules 

into carbon and hydrogen is  dismissed as very unlikely. 

that  the formation of pyrolytic carbon occurs through a stage involving 

the formation of medium-size hydrocarbons i n  the molten state. 

deposited compounds soon form drops because of the tendency f o r  a 
minimum surface energy. 

the formation of the globular struature o f p q o l y t i e  carbon. 
of the pyrolytic carbon i s  compoeed of a mixture o f  high-molecular 

hydrocarbons and the i r  free radicals. 

the s ize  and composition of the glebules. 

from the pyrolysis of CH that the average diameter of the globules wmt 

l e s s  than 1 .  f o r  lo00 C. The 

composition w a s  99.22 percent C and 0.18 percent H f o r  850 C, and 

99.62 percent C and 0.07 percent H fo r  lo00 C. 

Porter's mechanism 

It is postulated 

These 

Further development of t h i s  process leads te 
The m a i n  part 

The temperature of pyrolysis affects 

Thus, i t  w a s  found experimentally 

4 
f o r  850 C, 3 . 3 ~  fo r  900 C,  and 36,Op 

A large body of useful information on par t ic le  formation i n  the decomposition 

of higher molecular weight hydrocarbons has accumulated i n  the work at 
Monsanto Research Corp. (Ref. 30). Y d s u s  polycyclic and higher paraffinic 

hydrocarbons ( C > 9 )  were involved, bt  many of -the concluaions appeax 

t o  be generalr 

c-11 
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The following mechanism of par t ic le  formation w a s  postulated (Refo 8 e 

pa 73)s 
h - - + E 4 C  I) * E 

Olefins Partielea 

C m  jugated Colored 
Olefins 9 Compertmds 

Polyolef ins 

The following evidence suppsrted the above scheme2 (lr) Part ic les  

appeared &y after a substant id  conversion of *e or&$tUd. bpk@cerbon 
(but the i r  concentration then increaser, sharply, by many orders of 

magnitude, over a narrow conversion range). 
sf kinetics in w h i c h  the prceduct i s  formed from consecutive reactiens. 

(2,) A p l s t  of the olefin content goes through a well-defined maximum 
with increasing conversion. 

or  other higher structures. (3.) Colsr appearance always precedea 

par t ic le  formation; this color is presumably caused by the formation 

of conjugated structures o r  condensed aromatic r ing systems,, 

T h i s  behavior is characteristic 

The olefins are converted to  polymers 

A nonrigia polymeric material, immiscible with the hydrocarbon starting 

material, w a s  believed t o  be formed prior t o  the f o m t i o n  of r ig id  

coke particles. 

(Ref,, 29 ) also aasume that  the formation of rigid g l O b u l 0 8  of polymeric 

carbon proceeds through a molten state. 

It w i l l  be recalled that Syskov and Jelikhovskaya 

A t  Monsanto Research Corporation,with the. use of a special microcoker 

unit,the rates of par t ic le  formation were specifically studied at  
temperatures up to lOOOF and a t  500 psig pressure (Ref, 31 ). 
found that a l l  the compounds investigated formed par t ic les  after 
2 t o  3 hours of exposure at 8OOF. 
of decomposition and the formation of particles was sought, 

report stated that *tbre  is a rough correspondence between the resistance 

It w a s  

A correlation between the ease 

An early 

c-12 



ROCYETDYNE 

of the i n i t i a l  hydrocarbon t o  thermal deoomposition and the time the 

hydrocarbon cm be held at a specified elevated temperature before 

p a r t i d e s  appear, but the eorrespondence bs far.from exact" (Ref, 8 ). 
later reports, however, i t  was maintained that there was a definite 

correspondence between these parameters fo r  a homologous series (Ref,  30 
A simple relationship w a s  developed (Ref, 31 ) t  

In 

). 

Kp P a Kd 

where Kp = rate constant of a par t ic le  formation 

a Z= a constant fo r  a homologous series 
Kd = the rate of decomposition at 50 percent conversion. 

It is  unknown if  th i s  or  similar relationship would apply t o  t b  ser ies  

of lower hydrocarbons ( in  any case, the series is  not homologous). 

Other results from the Monsanto work which are of particular interest 
include: 

1. 

2. 

3. 

4. 

Pressure was found t o  increase the decomposition rate (confirming 

the early observation of Meyers and Watson that the rate is 

proportional t o  the first power of the pressure, as expected 

from f i r s h r d e r  reactions) 

Allcyl substituents (on r i n g s )  usually increase the ease of 

par t ic le  formation, 

Contacting hydrocarbons with oxygen at temperatures above 

250 t o  W F  (but not lower) considerably decreased the i r  thermal 

s t ab i l i t y  toward particle formation (Ref, 

The presence of type 704 stainless stee1,as reported earlier ,' er 
additional glass surface had no significant effect on the rate ef 

8 , p v i  ), 
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hydrocarbon decomposition at 8OOF (Ref. 

work revealed that type 302 stainless s t ee l  catalyzes the reactions 

leading t o  deposit formation (Ref. 31 , p. $8 

on the a.i.uminum surface appeared at a higher temperature than in 
the  case ef type 302 stainless steel, but the deposit extended 

eser a greater length of the reactor. 

8 , p. 72 ). Subseqwnt 

The carbon deposit 

An investigation of carbon deposition is being carried out by E. Weer 

at  the Washington University, St. Leuis, Missouri, under contract 

AFO4(694)695 (Ref, 32 
and temperatures up t o  w, 

It involves the use of an induction firnace 

A t  Pratt and Whitney Aircraft Cqmrat ion,  experimental rocket f i r ings  

were conducted using FLOL with methane, propane, 1-butene, and an eutectic 

blend of pentane and isopentane. 

and Whitney Aircraft Corporation (Refo 4 
under normal conditions with methane and ethane, e i ther  in the eahmtimr chamber 
or i n  cooling passages. 

i n  regenerative cooling systems, and 1-butene w a s  relatively the worst. 

According to  M. R. Glickstein of Psatt 
) @  there w a s  no coking problem 

However, propane led t o  various degrees of coking 

The l i t e ra ture  data on the thermal decomposition of hydrocarbons were 

obtained with pure reactauts, under well-controlled conditions, usuaUy 

under reduced pressure, and normally i n  glass reaction vessels. 

i n  rocket thrust  chambers axe quite different, particularly w i t h  respeet 
to  pressure and the nature of the w a l l  surface. Investigations under 

Conditions 

the actual or closely simulated conditions are, therefore, required to  

obtain more applicable data on thermal decomposition and coking i n  
regenerative coolant passages. 
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APmmIx D 

CAILULATION OF COOLANT TBBNSWRT PROPERTIES 

W t h e o r e t i c a l  methods were used t o  obtain values of viscosity and 
them conductivitg f o r  methane, propane, and 1-but- i n  the regions 

where experimental data were lacking. This w a s  particularly necessary 

fo r  the 1-butene w h e r e  very few experimental data were available. 

Reduced state and residual property methods were employed in thtse 

oalculations. 

Ekperimental data w e r e  available for the thermal conductivity of methane 

in the low temperature region i n  Ref. 33. Values of thermal conductivity 

ef l iquid methane at atmospheric pressure, k+, were available for  moderate 

temperatures in Ref. -3. Values of k? for higherctemperature methane 

vapor were also obtained from Ref. B a n d  by using the fol lowing 

equation from R e f  35 

where C 

temperature, and h. i s  given by 

is the specific heat at constant pressure, T is the reduced P B 

where H is the molecular weight, Tc is the critical tenperatme and 

Pc is the critical pressure. 

The effect of pressure on thermal conductivity was determined by the 

method of residual conductivity. Application of this procedure i s  based 

upon the assumption that the value of the residual thermal conductivity, 
k-ky, depends uniquely upon the densiQ of the  substance. 

in turn depends upon temperature and pressure, 

sbtained from Ref. 33 

The densiw,/3 e 

A graph of k-kw vs,O w a s  
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P The same semitheoretical method was used t o  calculate the viscosity, 

of methane at high temperatures. Values o f / u *  vs  temperature were 

obtained from the experimental data of Ref, 36 and calculated using 

tlie equation 

Values of residual viscosity, (/M -A*) , v3 /3 were obtained from 

Ref. 

+ (p -,u *). 
than 32F were also obtained from Ref. 

36. The value o f p  at any pressure w a s  calculated asp =,t,f * 
viscosity data fo r  a l l  pressures at temperatures lower 

Values  of k+ from OF t o  lOOOF were obtained for  propane from Ref.34 and 

extrapolated t o  - D F .  
a k-k+ v s p  curve which was, in turn, used t o  obtain values of thermal 

conductivity f o r  pressures up t o  2000 psia, 

Values of k from Ref. 3 7 were used t o  generate 

Propane viscosity data were available i n  Refe 38 fo r  all pressures and 

f o r  temperatures as high as 450Fe 
w e r e  ebtained by calculating t h e ) # *  values according t o  Eq. (3) 
and (4) and adding the residual viscosity values obtained from Ref. 

Viscosities at  higher temperatures 

D-2 
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!5e  thermal conductivity of 1-butene was calculated according to  the 
method of reduced parameters. 

conductivity, k/kc, with reduced temperature, T/Tc, and reduced presswe, 

P/P , w a s  obtained from Ref, 39- based upon experimental data \with ethylene, 

The c r i t i c a l  point conductivity, kcl was calculated according t o  

The variations of reduced thermal 

C 

Values o f j t  * were calculated f o r  1-butene using Eq. IS) and (4). 
These valws agreed well with data given i n  Ref. A graph of 

,fA -,M * vs/3 w a s  prepred Using data from p. 177 of Ref. 56 , reduced 

viscosity data from Ref,4Q , and from Refo 4 

D-3 
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-2 

DETAILED ANALYSIS TECHNTQUE 

The detailed thrust chamber regenerative cooling designs were accomplished 

using the Rocketdyne "Regenerative Cooling Design or  Analysis" digital 

computer program. 

of &a1 increments ( W 75-100) and the required coolant mass flux 

and channel size t o  maintain a given w a l l  temperature i s  determined 

at each station. 

between each s ta t ion are calculated and summed along the contour b 
obtain to ta l  chamber values. A more detailed discussion of the factors 

entering i n t o  the design is  presented belowo 

The thrust  chamber contour is divided into a m b r  

The coolant peessure drop and bulk temperature rise 

The case of a supercrit ical  forced convection cooling desiepl is  first 
considered. The gas-side convective film coefficient (h ) profile is 

calculated based on the combustion products potential flow Field and 

solution of the integral  momentum and energy equations as discussed in  

8 

Appenax A. The 

the relation 

&/a = 

where T is  the 
WQ 

w a l l  temperature 

I ! =  aw 

The coolant-side 

heat flux at a given station is then calculated from 

design w a l l  temperature (.input),and the adiabatic 

(Taw) is obtained fo r  tusbulent flow from the r e l a t i m  

T 
elBEu 'I 

w a l l  temperature is obtained by integration of the bash 

one-dimensional conduction equation across the w a l l  
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where k (T) denotes that the them& conductivity of the w a l l  material 
is a function of temperature. 

f o r  those materials (such as steel and Hastelloy X) whose thermal 

conductivities vary l inearly with temperature. 

variation (such as nickel) the relation (3) may be rewritten 

The above relation (3) is readily integrated 

In the case of a non-linear 

k(T) dT k(T) dT - (Q/A) 4 tw (4) 

TRsF 

where Tm denotes some reference temperature. 

iateg.ral of k(T) d t  are input as a function of temperature f o r  the 

matedal of interest  and solution of (4) for Two is readily achieved. 

Tabular values of the 

The coolant bulk temperature at the station of interest  is equal to  the 

value a t  tb previous station plus the temperature increase between 

stations 

+ ATB 
3-1 TB = TB 3 

- where 
= Q/A e AAs TB - 

(5) 

The above solution for  the bulk temperature r i s e  is  i te ra t ive  since the 

coolant properties are a function of temperature and pressure. 

The required coelant convective film coefficient (hc) is then determined 

bs 

= (7) 

E 2  



ROGKETDYNE 

The convective 

mass flux by a 

%u d 

f i lm coefficient is then related t o  

semi-empirical relation such as 

- dE = 0,023 NRe 0.8 Oe4 -c 
k. Npa 

the required coolant 

where the coolant properties are evaluated at a suitable reference 
temperature as discussed in subsequent paragraphso 

Equation (8) relates  the coolant mass flux requirements and channel 

size (equivalent diameter) based on cooling considerations. The above 

two parameters are a lso  interrelated based on geometric considerations 

so that further i terat ion i s  required t o  obtain consistent resulk.  

The coolant pressure change between stations is the sum of the momentum 

and f r ic t iona l  effects, 

AP = AP, + APf I91 

The f r ic t ion  factor ( f )  is calculated from the transcendental Colebrook 

relation (Ref. 42 ) 

- 1 = 1.14 - 2 loglo 
f 

A further i terat ion on the preasure drop is  required t o  account for  

coolant property dependence on the coolant s t a t i c  pressure. 
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The coolant pressure drop and bulk temperature rise are summed along 

the channel t o  obtain the jacket ex i t  conditions. I terations on the 

coolant jacket i n l e t  pressure are normally required f o r  compressible 

f lu ids  i n  order t o  achieve the desired ex i t  pressure, 

jacket exit pressure is derived from the chamber pressure and injector 

pmssure drop.) 

(The desired 

The chamber cooling design f o r  a nucleate boiling l iquid paral le ls  the 

previous discussion. 

w a l l  temperature is  fixed by the saturation temperature of the coolant. 

The combustion-side w a l l  temperature and heat f lux are calculated using 

Eqs. (1) - (3)@ Coolant veloci t ies  and channel s izes  are then obtained 
from a suitable nucleate boiling correlation as discussed i n  the 

The primary difference is  that  the Coolant4.de 

following paragraphs. 

Coolant Correlations 

Due t o  the extreme range of conditions considered in t h i s  study, three 

basic cooling 

cooling); (2) 

In the forced 

%U 

w a s  utilized. 

regimes are encountered; (1) forced convection (supercrit ical  

nucleate boiling; and (3) film boiling. 

convection regime, the semi-empirical correlation 

The factors  fdE and $c represent entrance and curvature 

effects respectively, 

(Ref. 42 
The entrance effect is  determined from the relat ion 

$ 2  1 (14) 
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The curvature enhancement factor is based on considerable heated curved 

tube experimental data with hydrogen and nitrogen tetroxide (Ref. 43 and 

7 ). A ty-pical plot of the cooling enhancement on the outer w a l l  as 
a function of the length t o  diameter r a t i o  from the start of the curved 

portion i s  shown i n  Fig,E-l . 
increases very rapidly once the curve is  entered. In  the current study 

the nozzle radius of curvature downstream of the throat was selected s8 

as t o  achieve a curvature enhancement factor (# ) of 1.5 a t  the physical 

throat f o r  an uppass (counterflow) cooling circuit. 

this curvature enhancement migbt occur fo r  rectangular channels due t o  

changes i n  the secondary flow gattems. It is possible t o  make U-shaped 

or  circular channels i f  necessary at the higher chamber pressures where 

the curvature factor  is  of great importance. 

It is  apparent tht the coolant capability 

C 

Some diminishment of 

In the convective correlation (1) the coolant properties were evduated 

a t  a film temperature which i s  the arithmetic average of the bulk 
temperature and coolant-side w a l l  temperature. 

between this approach and that of evaluating the properties a t  the 

coolant bulk temperature. 

Fig. E2 where the required coolant mass f lux (Gc) is  plotted as a function 

of bulk temperature f o r  two heat flux levels, 

temperatures below about 600R the use of a f i l m  temperature correlation 

resu l t s  i n  a considerzble increase in  the predicted coolant  mass f lux 

requirement S. 

A comparison was made 

The resul ts  of the comparison are shown in 

It is  apparent that a t  

Aa al ternate  convective correlation developed f o r  hydrogen (Ref. 42 and 

7 ) including roughness effects is 

r m 7 0*55 

I TwP f P "  L --..I 
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where @ ( E *) i s  a relative roughness prameter (Ref, 7 
coolant properties i n  the above relation are evaluated a t  bulk conditions. 

The inclusion of the roughness factor can account f o r  coolant enhancements 
6 of 10 - 3C$ a t  hi&er Reynolds numbers ( > 10 ). 

not U B I ~  in th i s  study because of the uncertainty of the exponent on 

). The 

The above relation was 

the temprature correction factor for l igh t  hydrocarbons. 

data for  supercritical cooling with l ight  hydrocasbons is  needed t o  

Experimental 

more accurately determine the eonvective cooling correlation. 

believed that the use of equation (13) in t h i s  study represents a 

conservative approach, 

It is 

In  the case o€ nucleate boiling at s u b c r i t i c a l  conditions, the 

correlation of Ref. 44 was used. This is  of the form: 

where the values 

below, 

= a + b (TsAT - TB) Vc [d + e P] (16) 

of the coefficient as taken from Ref, 4 are l is ted 

TABLE E l  

CORRELATION CONSTANTS FOR MAXIMUM NUCLEATE BOILING HEAT FLUX 

I I I I I I I 

E=8 
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The above correlation i s  based on rather low coolant velocit ies 

(V I 25 Ft/aec). 
some of the chamber designs is somewhat uncertain. 

a t  higher coolant veloci t ies  (V -- 100 %e 200 ft/sec) would be beneficial 

in the accurate determination of a chamber design. 

Extrapolation to higher velocit ies as required i n  

Experimental data 

In  the current study the design coolant velocity w a s  increased by 20prcwt 

over the calculated hrn-aut value as a margin of safety, 

In the film boiling regime, use w a s  made of the data of Ref ,  

I n  general film boiling of the coolant was restr ic ted t o  the portions 

of the nozzle having low heat flux values so tha t  the w a l l  temperatures 

would not become excessiveo 

4 
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